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Abstract

Fossil fuels have served mankind to meet energy needs in both domestic and
commercial applications for a considerable length of time. However, fossil fuels have
environmental implications such as emission of harmful gases, depletion of ozone layer
and climate change. Moreover, the ever rising prices and limited resources of fossil
fuels have obstructed the uninterrupted supply of energy. Therefore, there is a dire need
to develop renewable energy technologies that can sustain energy supply with
increasing demands. Due to inexhaustible amount of clean solar energy, engineers and
researchers are engaged in developing technologies to minimise dependency on fossil
fuels. Solar collectors are utilised to use solar heat to increase the heat energy of
thermo-fluids or heat transfer fluid (HTF), which can operate Organic Rankine Cycle
(ORC) to generate electricity. However, the extensive gain from solar energy is
restricted due to unreliability of solar energy during changing weathers and lack of
availability at nights. Therefore, thermal energy storage (TES) system can provide a

viable solution to respond to varying levels of solar energy.

Literature review indicated that phase change materials (PCM) based latent heat storage
(LHS) systems are promising TES technique due to their high thermal storage density,
operation at isothermal conditions and wide range availability of PCMs. However,
large-scale practical utilisations of LHS systems are limited due to restrained charging
and discharging rates caused by low thermal conductivity of PCM. Hence, this research
is focused on numerical and experimental analyses conducted in developing an efficient
and effective TES technology with novel heat transfer mechanism and novel thermal
storage materials to sustain continuous generation of heat and power for low

temperature practical applications.

In this research, numerical investigations were conducted to propose an optimum and
novel design solution for shell and tube heat exchanger with multiple tube passes and
longitudinal fins for improved thermal performance. Parametric investigations were
conducted to examine the influence of number and orientations of tube passes in the
shell container, geometrical dimensions of longitudinal fins, construction material for
shell, tube passes and longitudinal fins, and operating temperature of HTF on phase
transition rate and overall enthalpy of LHS system. Further, the proposed design was

developed and commissioned with a connection to flat plate solar collector to examine
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thermal performance at varied operating conditions. Paraffin (RT44HC) was employed
as PCM in shell container and water was utilised to circulate in tube passes to transfer
thermal energy gained at solar collector to paraffin in shell container. Thermal
performance was evaluated by conducting series of charging and discharging cycles at
varied operating conditions to examine the charging/discharging rate, accumulative
thermal energy gain/release and mean charging/discharging power. Furthermore,
numerical and experimental analyses were conducted to evaluate nano-additives
enhanced paraffin samples, which were developed by incorporating aluminium oxides
(Al203z), aluminium nitride (AIN) and graphene nano-platelets (GNP) nano-additives in
base paraffin. Based on numerical and experimental results and recommendations,
numerical simulations were conducted on coupled thermal performance enhancement
techniques with longitudinal fins and graphene nano-additives enhanced paraffin
samples. It was noticed that phase transition rate for coupled thermal performance
enhancement techniques was significantly enhanced by 75.46% as compared to no
longitudinal fins orientation with pure paraffin. Likewise, the proposed LHS system can
efficiently charge and discharge 14.36 MJ and 12 MJ of thermal energy in as less as 3 h
and 1.5 h, which ensures the large-scale practical utilisation in both domestic and

commercial applications.
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At Time interval for data collection (sec)
Tyrrim  Inlet temperature of HTF (°C)
Tyrroue  Outlet temperature of HTF (°C)

T; PCM temperature in liquid phase (°C)
T PCM temperature in solid phase (°C)
T, Heating/cooling temperature (°C)
T Mean inlet temperature of HTF (°C)
Tno Mean outlet temperature of HTF (°C)
Tye Phase transition temperature (°C)
Tres Reference phase transition temperature (°C)
u Velocity vector (m/s)

Uy, Fluid velocity in tube (m/s)

1% Volume flow rate of HTF (m®/sec)
Voem Volume of PCM (m®)

Wap Weight of nano-additives particle

X Horizontal distance (m)

Greek symbols
a Small constant value, 10

Coefficient of thermal expansion (1/K)

p Density (kg/m?)

Oyr Volume concentration of nano-additives in base PCM
vl Dynamic viscosity (kg/m- s)

K Morphology constant for mushy zone, ranging from 10* — 10°
Subscripts

in Inlet

out Outlet

np Nano-additives particle

pcm Phase change material

npcm Nano-additives enhanced PCM

r Required

Abbreviations

Al,O3 Aluminium oxide
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HTF
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PCM
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SHS

Aluminium nitride
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Heat transfer fluid
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Chapter 1 Introduction

Chapter 1 Introduction

1.1 Research background

Energy works as a backbone to global economic and social developments. To enable the
rapid worldwide growth and advancements, an increase in energy demands for domestic
and industrial applications is noticed. In order to meet the global energy demands, the
total primary energy supply have indicated a rise of 150% from 1971 to 2015. Energy is
categorised in three groups: fossil fuels, nuclear power and renewables, as shown in
Fig. 1. 1. Fossil fuels are comprised of organic hydrocarbons such as natural gas, coal
and oil. Fossil fuels are the main sources of global energy supply. In past four decades,
the contribution of fossil fuels to global energy supply is relatively unchanged with a
minimal reduction from 86% to 78.4% (REN21 2017). Oil and coal are the prime
contributors with percentage total primary energy supply of 32% and 28%, respectively.

Fossil fuels

78.4%

Biomass/ Hydropower
geothermal/

solar heat 3 . 6%

4.2%
. f Wind/solar/biomass/ Biofuels
Traditional biomass geothermal power for transport
[o)
9.1% 1.6%| 0.8%

Nuclear power

2.3%

Fig. 1. 1 Energy contribution by fossil fuels, nuclear power and renewables to overall global energy
consumptions in 2015 (REN21 2017)

However, the substantial usage of fossil fuels resources to meet global energy demands
have significant implications in global warming and climate change (Suranovic, S.
2013; IEA 2015). The emission of greenhouse gases is considerably increased as
compared to pre-industrial era level. The global emissions of CO2 have expanded from
14 Gt to 33 Gt for 1970 to 2015, as shown in Fig. 1. 2. Due to large carbon content per
unit energy release, coal is considered as the major source of CO. emission which is
responsible for 45% of total global emissions. Since 1971 until 2015, the global
emissions for oil were observed to be reduced from 50% to 35%, however the global
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emissions of CO> for coal and natural gas were reported to be elevated from 38% and
15% to 45% and 20%, respectively.
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Fig. 1. 2 Contribution to global emissions of CO; by fossil fuel sources (IEA 2017).

Energy is crucial for residential, industrial sector, transport, services and generation of
electricity and heat. However, transport sector and generation of electricity and heat are
primarily responsible for producing two third of overall global emissions. In 2015, the
transport sector was culpable the 24% of global emissions and generation of electricity
and heat sector was liable for the largest 42% of emissions, as shown in Fig. 1. 3.
Despite the fact that coal contains large carbon content, most countries still depend on it
for generation of electricity and heat by combustion process. Since 1990 until 2015, a
steady decline in share of oil for generation of electricity and heat is observed whereas;
a slight increase for gas and a significant rise from 65% to 72% for coal is noticed.
However, in last couple of years, a gradual transformation from coal to gas is noticed
for generation of electricity and heat (IEA 2017).
Services Other *
3% 7%

Residential Transport
6% 1%

Industry
19% Y Electricity
and heat
42%
Transport
24%

Other*
4%

Fig. 1. 3 Various sectors contribution to global CO, emissions (IEA 2017)
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Further to climate change and global warming concerns due to enormous emissions,
fossil fuels have limited reserves in the world to sustain the global energy demand.
According to (Petroleum, B. 2013), in view of the global fossil fuels consumptions rate,
oil and gas reserves in the world will deplete within a century. In order to progress
towards a clean, sustainable and low-carbon world, alternative sources of energy such as
nuclear power and renewables are essential. However, the high-cost and hazardous
nature of nuclear power limits its utilisation in large-scale power plants. Therefore,
these alarming challenges have encouraged researchers, scientists and engineers to avert
from high-cost and environmental hazardous technologies by developing technologies
for renewable energy sources such as wind, solar, tidal, biomass, biofuels, geothermal
and hydropower. As presented in Fig. 1.1, the contribution of biomass to global energy
demand is higher as compared to any other renewable energy source. Regardless of
being one the most promising and abundant sources of clean energy, the utilisation of
solar energy sources for generation of heat and electricity is relatively smaller.
Therefore, the need of developing technologies for clean, inexpensive and inexhaustible
solar energy sources are essential for creating global advantages in terms of improved
energy security and sustainability, reduced emissions of greenhouse gases and

mitigation of climate change and global warming (Jacobson, M. Z. 2009).

However, the large-scale practical utilisation of solar energy for generation of heat and
electricity is hindered by inconsistent and unpredictable nature of solar energy. Energy
storage systems can provide a feasible solution to counter the discontinuous availability
and variations of solar irradiance due to weather fluctuations. Energy storage systems
are adaptable to wide-ranging heat and electricity generating technologies and therefore,
it can play a fundamental role in energy security, reliability and improved performance
along with reduced mismatch between overall energy demand and supply (Ibrahim, H.
et al. 2008). It can also benefit in offsetting the temporary shortage or breakdown of
conventional or primary energy sources by guaranteeing sustainable production of
required energy demand, assist in peak-shaving and load management and therefore, it

improves the overall system efficiency and fuel saving.

The various energy storage systems include mechanical, electrical, chemical and
thermal storage systems, as shown in Fig. 1. 4. In mechanical storage systems, the pump
hydropower is the oldest and most mature technology for bulk energy storage capacity

and low lifetime cost. However, the limitations of pump hydropower systems are:
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geographic specific technology, higher capital cost, longer construction time and large
area occupancy. Similarly, compressed air and liquid air energy storage systems are
dependent on mature components for a robust and inexpensive bulk storage capacity.
However, these technologies are also geographic site specific and higher capital cost
due to requirement of specific components to withstand higher temperature and
pressure. Moreover, the flywheels are mostly employed for intermediate storage with
rapid response, higher efficiency and higher power density. However, due to higher
capital cost and energy supply over a shorter period of time limits the practical

applications (Luo, X. et al. 2015).

Mechanical Electrical Energy Chemical Energy Thermal Energy
Energy Storage Storage Storage Storage

*Pump Supercapacitors *Electric Batteries +Sensible Heat
hydropower «Superconducting «Hydrogen Storage
Storage Magnetic Energy Electrolyser or eLatent Heat
*Compressed Air Storage Fuel Cell Storage
Energy Storage *Thermochemical
Liquid Air Energy Storage
Energy Storage
*Flywheels

Fig. 1. 4 Various modes of energy storage systems

Electrical energy storage employs super-capacitors and superconducting magnetic
energy storage technologies due to their higher efficiencies, quick response, longer life
cycle and low maintenance. However, these technologies also supply energy for a
shorter duration and requires higher capital cost. Likewise, the chemical energy storage
involves electrochemical batteries (such as lithium-ion battery, lead-acid battery,
sodium based batteries and redox-flow battery) and hydrogen electrolyser or fuel cells.
The electrochemical batteries are mature technology with the ability to function at on-
grid and off-grid scale capacity, higher efficiency and quick response. However, the low
life cycle, higher capital cost, usage of some toxic material and challenging recycling
hinders the practical utilisations (Chen, H. et al. 2009; Dunn, B. et al. 2011). The grid
scale utilisation of various energy storage systems and their worldwide contribution is
presented in Fig. 1. 5. Pumped hydropower storage system presented a comparatively
significant contribution of 150 GW out of overall 156.4 GW and is followed by thermal
storage systems with global contribution of 3.1 GW.
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Pumped storage
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Fig. 1. 5 Total energy storage capacity connected to grid worldwide (REN21 2017)

Thermal energy storage (TES) include sensible heat storage (SHS), latent heat storage
(LHS) and thermochemical energy storage. TES stores energy with changing the
internal energy of thermal storage material. In SHS system, thermal energy is captured
in thermal storage material with an increase in the temperature. Heat capacity and
temperature gradient of thermal storage material are utilised to charge or discharge a
SHS system. The quantity of TES depends on mass of thermal storage material,
temperature gradient and specific heat capacity. Water, rock and concrete are a few
examples of SHS materials. Likewise, the LHS system stores thermal energy during
phase transition from solid to liquid or liquid to gas and releases it during phase change
from liquid to solid or gas to liquid. In LHS system, phase change materials (PCM) are
employed as thermal storage materials. The amount of TES are influenced by the mass,
temperature gradient, specific heat capacity and latent heat of fusion of PCM. Paraffin,
fatty acids, salt hydrates and eutectics are a few examples of LHS system. Similarly,
thermochemical energy storage is categorised as reversible chemical reaction process
and sorption process. In case of reversible chemical reaction process, the thermal energy
is captured and released during breaking and reforming of molecular chemical bonding.
Whereas, in case of sorption process, both thermo-chemical and thermo-physical
aspects are involved and thermal energy is captured or released during breaking or
binding sorbate and sorbent (N’tsoukpoe, K. E. et al. 2009). In this case, the quantity of
TES depends on mass of thermal storage material, extent of conversion and heat of
reaction (Sharma, A. et al. 2009b).

Due to relatively smaller cost of thermal storage materials, SHS systems are the most
employed TES technique in practical applications. However, LHS systems are
appraised as the most attractive thermal storage technique due to their wide range

availability of thermal storage materials, relatively higher thermal storage density and
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almost isothermal charging and discharging of thermal energy. Various comparative
studies are conducted to examine the thermal storage performance of SHS and LHS
systems. As illustrated in Table 1, the storage mass and volume is significantly reduced
for LHS systems as compared to SHS system. Similarly, (Morrison, D. and Abdel-
Khalik, S. 1978) and (Ghoneim, A. 1989) informed that the required mass to capture
same quantity of thermal energy for rock based SHS system were more than seven
times as compared to paraffin wax based LHS system and more than eight times as
compared to Na;S04.10H,0O (salt hydrate) based LHS system. Therefore, in order to
develop a compact TES system with high thermal storage density potential and ability
to store thermal energy at various temperature ranges, PCM based LHS system is a

preferable, feasible and realistic choice.

Table 1. 1 Comparison of various SHS and LHS systems (Hasnain, S. 1998)

SHS system LHS system
Properties Water Rock Paraffin Salt Hydrate
Latent heat of fusion (kJ/kg) - - 269 280
Specific heat capacity (kJ/kg) 4.2 1.0 2.0 2.0
Density (kg/m®) 1000 2240 800 2070
Mass required to store 106 kJ (kg) 16000 67000 3720 3570
Volume required to store 106 kJ (m®) 16 30 4.7 1.7

1.2 Research motivation

NanoCorr Energy and Modelling (NCEM) research group at Bournemouth University,
UK is actively committed to reinforce and achieve the set targets by climate change act,
2008 and Paris agreement, 2015 by developing novel technologies and materials for
renewable energy sources. Previously, a large-scale flat plate collector was designed,
fabricated and commissioned with effective building roof integration for efficient
harvesting of solar energy at lower capital cost, minimum maintenance and adaptable
scalability, under the PhD research project titled: “Research and development in novel
alternative renewable energy technology” (Wen, Z. 2016). The experimental
investigations indicated that the proposed design for flat plate collector with improved
heat transfer mechanism between the circulation system and absorber, improved

bonding conductivity and minimal convective losses had resulted in 43.50% and
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46.07% operating efficiencies for unglazed and glazed configurations. Likewise, the
mean useful output for unglazed and glazed configurations were noticed to be 1.00 and
1.29 GJ/m?.year, respectively. Also, the economic evaluation of the proposed design
showed a relatively shorter payback period of 2.4 - 6.5 years as compared to 8 - 12
years for commercial flat plate collectors. Similarly, another PhD research project was
completed with a focus on simulating and experimenting novel and eco-friendly
thermo-fluids in an organic Rankine cycle (ORC) for low temperature heat and power
generation, under the title: “Experimental investigation and mathematical modelling of
dynamic equilibrium of novel thermo-fluids for renewable technology applications”
(Helvaci, H. U. 2017). Flat plate solar collector was employed as a heat source for
generation of electricity through ORC. The low temperature heat and power generation
was designed, simulated, commissioned and experimentally investigated with HFE
7000 due to their negligible ozone depletion and global warming potential. Furthermore,
the thermo-physical performance of nano-additives enhanced refrigerants were
numerically and experimentally examined. It was concluded that inclusion of nano-
additives to refrigerants improved the heat transfer coefficient and reduced the entropy
generation of the thermal system. Furthermore, the research group was involved in
developing numerical design solutions and analytical formulations for developing novel
thermo-fluids with improved thermal performance of ORC under a post-doctoral project

titled: “Development and modelling of novel thermo-fluids”.

This current project is focused on designing and simulating, commissioning and
developing a novel LHS system coupled with flat plate solar collector and filled with
novel and eco-friendly thermal storage material for effective and efficient charging of
thermal energy during solar peak hours or from waste heat recovery sources and
discharge it at equally higher rate upon demand to sustain continuous generation of heat
and power to maximise its practical utilisations in both domestic and industrial low

temperature applications (< 120 °C).

Due to unpredictable and intermittent nature of solar radiations, the desired LHS system
should be capable of capturing maximum magnitude of thermal energy at peak hours
with higher charging rate and release the thermal energy at equally higher discharging
rate. However, the low thermal conductivity of PCM, which ranges from 0.2 — 0.7 W/m.
K, obstructs the rapid charging and discharging of thermal energy from LHS systems

and therefore, it reduces the large-scale practical utilisation (Zalba, B. et al. 2003; Farid,
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M. M. et al. 2004; Cabeza, L. F. et al. 2011). Likewise, the thermal storage materials
should demonstrate excellent compatibility with container material and heat exchanger
for long-term thermo-physical stability and long life cycle of LHS systems (Porisini, F.
C. 1988; Nagano, K. et al. 2004; Farrell, A. J. et al. 2006; Shukla, A. et al. 2008;
Rathod, M. K. and Banerjee, J. 2013).

1.3 Research question

Due to intermittent and varying nature of solar energy sources, TES system is a crucial
and practicable solution to limit the energy demand and supply mismatch by providing
sustainable and uninterrupted supply of thermal energy for generation of heat or power.

Therefore, the main research question addressed in this research project is:

Can a methodology for TES technology be designed, developed and commissioned with
novel heat transferring mechanism and novel thermal storage materials to achieve
rapid and efficient charging and discharging rate of higher thermal capacity for

sustaining continuous generation of heat and power?

1.4  Aims and objectives

The aim of this research is to design and develop a novel TES technology that will be
responsible for rapid capturing of excess amount of thermal energy from solar energy or
other sources and release it at demand to sustain the continuous generation of heat or
power. This research will be focused on numerical and experimental investigations of
novel geometrical heat exchanger design solutions and nano-additives enhanced novel
thermal storage materials for improved thermo-physical performance and long scale

thermo-physical stability of TES systems.

In order to achieve the aforementioned aims, the following objectives are set for this

research project:

1.  Toinvestigate and understand various possible modes of TES technologies within
solar energy and energy recovery systems, and identification of various types of
thermal storage materials, their thermo-physical stability and compatibility with
several container materials and thermal performance enhancement techniques for
maximum utilisation of thermal energy.

2. To conduct numerical simulations on a computational model that incorporates
innovative geometrical configurations for LHS system, suitable thermal storage

material and compatible container material for efficient heat distribution, higher
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thermal storage capacity with improved charging/discharging rate and long-term
thermo-physical stability.

To develop and simulate a numerical model that is capable to predict accurate
enhancement in dynamic viscosity and thermal conductivity of nano-additives
enhanced nano-PCM and to identify the influence of various nano-additives
material, particle size, volume concentration and operating temperature on overall
temperature distribution, phase transition rate and total enthalpy of LHS system.
To design, develop and commission an experimental setup for conducting
charging and discharging cycles on novel LHS system coupled with flat plate
solar collector and solar simulator at varied operating temperatures and volume
flow rates. Based on experimental results, an optimum operating conditions are to
be identified to achieve required thermal energy demands.

To identify the potential enhancement in thermo-physical performance and
stability of nano-additives enhanced PCM by conducting several experimental
charging and discharging tests at various operating conditions. Similarly, to
examine the influence of nano-additives material, particle size and volume
concentration on thermal behaviour of nano-PCM.

To conduct numerical investigations on combine heat transfer enhancement
techniques of novel geometrical design solution of LHS system and novel nano-
additives enhanced nano-PCM for calculating optimum thermal performance

enhancement.

1.5 Novelty
This research project involves the following novelties:

1.

To overcome the influence of low thermal conductivity of PCM on thermal
performance of LHS systems, a novel geometrical orientation of shell and tube
heat exchanger with longitudinal fins is designed and simulated. In order to attain
optimum thermo-physical performance of LHS system, parametric investigations
are conducted to examine the influence of various parameters on phase transition
rate and thermal storage capacity of proposed LHS design solution. Parametric
investigations include number and arrangements of tube passes in shell container,
length and thickness of longitudinal fins, materials for shell container, tubes and
fins, and operating temperatures of heat transfer fluid (HTF). Commercial grade
paraffin (RT44HC) and water is employed as thermal storage material and HTF,
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respectively. The proposed optimum design solution for LHS system offers
significant enhancement in thermo-physical performance of LHS system with
higher phase transition rate and higher thermal storage capacity. Moreover, this
novel proposed design of LHS system has not been reported in previous literature
and it is capable to easily integrate into solar thermal systems, industrial waste
heat systems, peak-shaving and load management and others.

2. For nano-additives enhanced thermal storage materials, a novel numerical model
is developed and simulated that considers the influence of nano-additives particle
size and their volume concentration and varying temperature on effective dynamic
viscosity and effective thermal conductivity. The previous models reported in
literature fail to accurately estimate an increase in effective dynamic viscosity and
effective thermal conductivity due to the reason that the previous models were
developed for smaller volume concentration and large particle sizes. Furthermore,
the numerical investigations discuss the impact of material, particle size and
volumetric concentration of nano-additives on effective dynamic viscosity and
thermal conductivity of nano-PCM and subsequently an influence on temperature
distribution and natural convection, phase transition rates and overall system
enthalpy.

3. The novel proposed design solution of LHS system is developed and
commissioned with an integration to flat plate solar collector to conduct
experimental charging and discharging tests. In previous literature, there is a lack
of experimental investigations of multi-passes shell and tube heat exchanger with
vertical longitudinal fins orientations. The vertical longitudinal fins are carefully
designed and developed to improve effective heat transfer area and facilitate
natural convection, which is the dominant mode of heat transfer during charging
cycle. The influence of various operating temperatures and volume flow rates of
HTF on temperature distribution, phase transition rate, total accumulative thermal
energy and charging and discharging mean power of LHS system is
comprehensively analysed and discussed. The experimental investigations will
give significant understanding into practical utilisation of the novel proposed LHS
design solution to match large-scale thermal energy demands.

4. Novel nano-additives enhanced thermal storage materials are developed by
incorporating metal oxides, metal nitrides and carbon allotropes to commercial

grade paraffin as base material. Aluminium oxide (Al.O3), aluminium nitride

10
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(AIN) and graphene nano-platelets (GNP) are integrated to paraffin at varied
volume fraction ranging from 1% to 5%. The prepared samples of nano-PCM are
experimentally investigated in shell and tube heat exchanger by conducting a
series of charging and discharging cycles at varied operating temperatures and
volume flow rates. The literature also lacks the experimental examinations of
nano-PCM in a proper shell and tube heat exchanger. Moreover, the influences of
nano-additives material, respective particle size and volume fraction on overall
temperature distribution, charging and discharging rate are analysed and
discussed. Also, the optimum volume fraction of nano-additives is identified and
established.

Numerical investigation of combine heat transfer technique by means of
implementing shell and tube heat exchanger with longitudinal fins and nano-
additives enhanced nano-PCM for ultimate thermal performance enhancement of

LHS system.

1.6 Research methodology

The research methodologies adopted for this research project are in conjunction to

achieve the set objectives, as listed below:

1.

Detailed literature survey is conducted to give an understanding into the current
developments in TES technologies in terms of potential low temperature (< 120
°C) PCMs and their thermo-physical stability for long-life cycle and various
unique thermal performance enhancement techniques.

Numerical simulations are conducted on a computational design of novel
geometrical configured LHS system in ANSY'S Fluent software.

Numerical model is developed and simulated in ANSYS Fluent software for
examining thermal performance enhancement of nano-additives based nano-PCM.
The novel design of LHS system is fabricated and commissioned with a
connection to flat plate solar collector and solar simulator to conduct a series of
experimental charging/discharging cycles at various operating temperatures and
volume flow rates.

Experimental setup is developed to investigate the thermal performance
enhancement of various nano-additives based nano-PCM samples in a shell and
tube heat exchanger by conducting experimental charging/discharging cycles at

varied operating conditions.

11
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6.  Numerical simulations in ANSYS Fluent software are conducted for combined
heat transfer enhancement techniques of novel geometrical oriented LHS system
with nano-PCM.

1.7 Thesis structure

This thesis is comprised of literature that has been published in journal articles and
conference paper by the author (primary). In chapter 1, an introduction into the research
background and research question is provided with summarised details of research aim,

novelty and research methodologies to present an overview of the thesis.

In chapter 2, a detailed literature review is presented, focusing the evaluation of various
groups of PCMs, their thermo-physical performance with respect to their long-term
stability and compatibility with container materials, and various effective techniques to
enhance the heat transfer mechanism and overall thermal performance of LHS system.
Literature review is focused on current developments in PCMs based LHS systems.

Moreover, the limitations and gaps in literature are identified. (Paper I).

In chapter 3, the analytical and numerical methodology implemented to simulate and
analyse LHS systems are presented. At first, analytical models are simulated and
analysed to acquire basic understanding of phase transition process, phase boundary
movement and influence of operating temperature and volume flow rate of HTF on heat
transfer coefficient, charging and discharging rate. In second stage, the numerical
models are developed to conduct transient simulations on pure paraffin and nano-
additives enhanced paraffin in a novel shell and tube heat exchanger based LHS system.
A detailed description of physical models, initial and boundary conditions and

computational procedure are provided. (Paper 11, 111 and VI).

In chapter 4, the results acquired from analytical and numerical models simulations are
discussed and analysed. Impact of varying operating conditions on phase front
movement, heat transfer coefficient and total phase transition time of paraffin are
discussed. Parametric investigations are conducted to optimise geometrical
configurations and dimensions of novel shell and tube heat exchanger with multiple
tube passes and longitudinal fins for improved thermal performance. Moreover, an
optimum design solution for nano-additives enhanced paraffin as thermal storage

material is proposed. (Paper II, Il and VI).

12
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In chapter 5, the experimental methodology implemented to conduct experimental tests
on proposed design of shell and tube heat exchanger and nano-additives enhanced
paraffin are presented. In first stage, the experimental setup is developed to examine the
thermal performance of proposed design solution of shell and tube heat exchanger with
pure paraffin based LHS system at various operating conditions generated with a
connection to flat plate solar collector. The components comprising experimental setup
are discussed in detail. In second stage, an experimental setup is devised to examine
thermo-physical performance of nano-additives enhanced paraffin samples in shell and
tube heat exchanger at varied operating conditions. The components involving
experimental setup for evaluation of nano-additives enhanced paraffin samples are

discussed along with sample preparation technique. (Paper 1V, V and VI).

In chapter 6, the experimental results acquired from experimental investigations of
novel shell and tube heat exchanger and nano-additives enhanced paraffin samples are
discussed. Transient temperature response of pure paraffin/nano-additives enhanced
paraffin samples to varied operating conditions are presented in terms of
charging/discharging rate and mean charging/discharging power to analyse the viability
and possible practical utilisation of the proposed LHS system. (Paper 1V, V and VI).

In chapter 7, based on experimental results in chapter 6, a predictive model is developed
and simulated to understand and examine practical utilisation of proposed LHS system
to generate an uninterrupted mechanical work/ heat output. Also, the coupled thermal
performance enhancement with longitudinal fins and nano-additives enhanced paraffin
are simulated to examine optimum improvement in thermal performance of LHS

system.

In chapter 8, the conclusions derived from numerical and experimental studies are
provided with a reference to achievement of set objectives. Further, the

recommendations for possible future developments are listed.

References and appendices are provided at the end of this thesis.
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Chapter 2 Literature review

This chapter provides a detail literature survey to evaluate the merits and limitations of
various groups of PCMs, their thermo-physical stability, their compatibility with
container materials and techniques to enhance the overall thermal performance of TES
system. This chapter will help in selecting appropriate thermal storage material and it
will give an understanding to identify main key factors that influence long term
enhanced thermal performance of TES system. This chapter summarises the literature
review that has been published in the article “A review of performance enhancement of
PCM based latent heat storage system within the context of materials, thermal stability
and compatibility” by (Khan, Z. et al. 2016a) (refer to Appendix A — Paper I).

2.1 Latent heat storage systems

The thermodynamic definition of phase is: a state of matter that is physically and
chemically homogenous. Kinetic energy of molecules differentiate between solid and
liquids phases. In solid phase, the molecules are closely packed with almost zero
mobility and energy transfers through vibration of molecules. Whereas, in liquid phase,
the molecules are in higher disorder and thermal energy transfers through molecular
motion and collisions. The phase transition of a material involves re-arrangements of
molecules and formation/breaking of intermolecular forces which entails a large amount
of thermal energy gain/release at specific range of phase change temperature. During
phase transition, the thermal energy mainly influences the intermolecular forces, for
instance, thermal energy is stored during melting and released during solidification
(Dincer, 1. and Rosen, M. 2002; Nield, D. A. and Bejan, A. 2006; Bergman, T. L. et al.
2011).

The phase transition of PCM can be categorised as solid—solid, solid-liquid, solid—gas
and liquid—gas types. In solid—solid case, thermal energy is stored during transition from
one crystalline form of material to another with relatively smaller latent heat capacity
and volume change as compared to solid-liquid transitions. Therefore, it offers higher
design flexibility and moderate container requirements. In solid-gas and liquid-gas
cases, the latent heat of vaporisation is relatively higher as compared to solid-liquid but
the higher volume change limits the large-scale practical utilisation in TES applications.
Solid-liquid case is considered as an interesting and feasible option for TES applications

14
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due to its large latent heat capacity and small volume change of about or less than 10%
(Hasnain, S. 1998; Mehling, H. and Cabeza, L. F. 2007).

LHS systems utilise PCM as thermal storage materials. LHS systems provide an
attractive and promising technological solution for TES as compared to SHS systems
due to their high thermal storage density and the ability to capture thermal energy at
almost isothermal temperature during phase transition. For instance, the amount of
thermal energy required to melt 1 kg of ice is equal to 80 times the amount of energy
required to raise the temperature of 1 kg of water by 1 °C. This shows that in case of
latent heat storage, a small mass and volume is required to capture a large amount of
thermal energy (Hasnain, S. 1998). LHS systems is essentially comprised of the
following three components: a) an appropriate PCM with phase transition temperature
in desirable range of temperature, b) a compatible container material for enclosing PCM
and c) an effective heat exchanger. Thus, the development of an efficient and effective
LHS system includes the detail understanding of phase change materials, their

compatibility with container materials and an effective heat transfer mechanism.

2.1.1 Selection and classifications of PCM

The selection of an appropriate PCM for designing an effective and reliable LHS system
should possess the following desirable thermo-physical, chemical, kinetic, economic
and environmental properties:
a) Thermo-physical properties:
e Appropriate phase change temperature for accurate charging and discharging of
thermal energy at right temperature for particular applications.
e Latent heat capacity and specific heat capacity should be higher for attaining
small volumetric size of LHS system.
e Thermal conductivity should be higher for assuring rapid charging and
discharging of latent portion of heat storage.
e Higher phase stability and no segregation for establishing heat storage capacity
and higher density for minimising size of LHS system.
e Smaller volume change during phase transition and lower vapour pressure at

operating temperature for reducing containment issues.
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b) Chemical properties:

Perfectly reversible melting and solidification of PCM during charging and
discharging cycles.

Long-term thermo-chemical stability to avoid degradation for ensuring longer
reliable and useful life cycle.

Comepatibility with container and heat exchanger materials to avoid degradation
and contaminations due to corrosion.

Highly non-toxic, non-flammable and non-explosive to reduce safety concerns

and wide practicability in domestic and commercial applications.

¢) Kinetic properties:

Higher nucleation rate to reduce the chances of subcooling which can hinder the
discharge of latent portion of thermal energy during solidification process.

Higher crystallisation rate.

d) Economic and environmental properties:

Cost effective, abundant and available to be competitive with other TES
technologies.

Non-polluting and small embodied energy.

Good recyclability and separation potential from other materials for economic and

environmental benefits.

In last four decades, comprehensive research investigations are conducted to determine

various materials as potential PCMs with broad ranging phase transition temperatures

and latent heat capacities. These numerous quantity and diverse nature of PCMs are

classified into three main groups of organic, inorganic and eutectic, as shown in Fig.

2.1.

Each main group is branched into sub-groups with respective chemical

composition, thermo-physical behaviour, strengths and limitations.

l | l Non— | l Salt | l : | lDrga.ﬂic—I lDrganic— organic
e Paraffin Hydrates R Organic Inorzanic Inoreanic

Fig. 2. 1 Classification of phase change materials
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Fig. 2. 2 Classification of PCM with respect to melting temperature and volumetric enthalpy (MJ/m?®)
(Mehling, H. and Cabeza, L. F. 2008)

2.1.1.1 Organic PCM

Organic materials based PCM are categorised into subgroups of paraffin and non-
paraffins. Non-paraffins include wide-ranging fatty acids, sugar alcohols and glycols.
Organic materials are ranging from melting temperature of 0 °C — 200 °C, as presented
in Fig. 2. 2.

a) Paraffins

Paraffin is the most common and extensively studied group of organic PCMs. Paraffin
is the technical name used for the mixture of hydrocarbon chains of alkanes with
general formula of CnH2n+2. The chemical structure of linear alkanes are shown in Fig.
2. 3. The mixture of various linear alkanes result in paraffin with different desirable
temperature. Paraffins are usually produced from petroleum distillation. Paraffins
display almost identical properties and with an increase in chemical chain length, the
developments in phase transition temperature and latent heat capacity are observed. The
melting temperature and volumetric enthalpy of paraffins are ranged from -9.6 °C — 135
°C and 150 MJ/m3— 200 MJ/m?, respectively (Khan, Z. et al. 2016a).
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Fig. 2. 3 Chemical structure of paraffin

Paraffins are generally considered a potential and workable organic materials option for
thermal storage due to their higher latent heat capacity, availability at wide-ranging
phase transition temperatures, excellent thermal and chemical stability, good
compatibility with  metal containers and heat exchangers, congruent
melting/solidification with no subcooling, lower vapour pressure, insoluble in water and
non-reactant to chemical reagents and minimal environmental and safety constraints. In
spite of numerous favourable attributes of paraffin, the low thermal conductivity (= 0.2
W/m. K), incompatibility with plastics (Lazaro, A. et al. 2006) and instability at higher
temperature due to breakage of covalent bonding between molecules restricts the wide-
ranging practical utilisation of paraffins (Abhat, A. 1983; Zalba, B. et al. 2003;
Kenisarin, M. and Mahkamov, K. 2007; Sharma, A. et al. 2009a; Rathod, M. K. and

Banerjee, J. 2013). Table 2. 1 represents the list of common paraffins.

b)  Non-paraffins

Non-paraffins organic materials are the largest subgroup of thermal storage materials,
which include fatty acids, sugar alcohols and polyethylene glycol. The chemical
structures of fatty acids, sugar alcohols and polyethylene glycol are presented in Fig. 2.
4. In case of fatty acids, the latent heat of fusion and availability at wide range of
temperatures are similar to that of paraffins. Similarly, fatty acids present good thermal
stability upon long thermal cycles and no subcooling. However, fatty acids have low
practical utilisations due to their low thermal conductivity, poor compatibility with
metal containers and heat exchangers due to corrosive and acidic nature, toxic and
instable at higher operating temperatures due to high flammability and 2 — 2.5 times
costly as compared to paraffins. Likewise, sugar alcohols have higher latent heat of
fusion and higher density as compared to paraffins and are available at temperature
ranging from 90 °C — 200 °C. However, sugar alcohols have slight subcooling which

can limit the long-term practical utilisations. Moreover, literature lacks general
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information about long-term thermo-physical stability and thermal performance of sugar
alcohols and polyethylene glycols (Farid, M. M. et al. 2004; Mehling, H. and Cabeza, L.
F. 2008; Sharma, A. et al. 2009a). Table 2. 2 shows the list of some common non-
paraffin organic thermal storage materials.

H H H
HH Mo 0 0H 0 HH WA
H—Cll—Clt—...—Cll—Clt H—Cll—...Cll...C|I...—C|Z—H H—O—...Cll—C|Z—O—...C—C|)—O—...H
oo b ho Yoo
} ;
Fatty acids Sugar alcohols Polyethylene glycols

Fig. 2. 4 Chemical structure of fatty acids, sugar alcohols and polyethylene glycols

Table 2. 1 Examples of few common paraffins with thermo-physical properties (Mehling, H. and
Cabeza, L. F. 2008; Sharma, A. et al. 2009a)

Paraffins Phase change Latent heat  Density Thermal conductivity
temperature (°C)  (kJ/kg) (kg/m?) (W/m. K)
n-Tetradecane Ci4H3o 6 230 760 (liquid)  0.21 (solid)
n-Hexadecane CisHza 18 238 760 (liquid)  0.21 (solid)
n-Octadecane CigHss 28 245 814 (solid) 0.358 (solid)
774 (liquid)  0.148 (liquid)
n-Eicosane CyoHa2 38 283 779 (liquid) -
n-Triacontane CsoHe2 66 - 775 (liquid) -
n-Pentacontane CsoHig2 95 - 779 (liquid) -
Polyethylene CqHzn+2 110 - 135 200 870 -940 -
(n up to 100000) (solid)
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Table 2. 2 Examples of few common non-paraffins with thermo-physical properties (Mehling, H. and
Cabeza, L. F. 2008; Sharma, A. et al. 2009a)

Non-paraffins Phase change Latent heat  Density Thermal conductivity
temperature (°C)  (kJ/kg) (kg/m?) (W/m. K)
Fatty acids
Caprylic acid 16 149 981 (solid) 0.149 (liquid)
CH3(CH2)sCOOH 901 (liquid)
Capric acid 32 153 1004 (solid) ~ 0.149 (liquid)
CH3(CH2)sCOOH 886 (liquid)
Lauric acid 42 to 44 178 1007 (solid)  0.147 (liquid)
CH3(CH2)10COOH 870 (liquid)
Myristic acid 58 186, 204 990 (solid) 0.17 (solid)
CH3(CH2)1,COOH 861 (liquid)
Palmitic acid 61, 64 185, 203 989 (solid) -
CH3(CH2)14COOH 850 (liquid)
Sugar alcohols
Xylitol 94 263 1500 (solid) -
CsH7 (OH)s
D-Sorbitol 97 185 1520 (solid) -
CesHs (OH)s
Erythritol 120 340 1480 (solid)  0.733 (solid)
CsHe (OH)4 1300 (liquid)  0.326 (liquid)
D-Mannitol 167 316 1520 (solid) -
CsHs (OH)s
Galactitol 188 351 1520 (solid) -
CsHs (OH)s
Polyethylene glycol
Diethylene glycol -10to -7 - 1120 (liquid) -
C4H1003
Triethylene glycol -7 - 1120 (liquid) -
C6H14O4
PEG400 8 100 1228 (solid) ~ 0.19 (liquid)
1125 (liquid)
PEG600 17 to 22 127 1232 (solid)  0.19 (liquid)
1126 (liquid)
PEG6000 55 to 66 190 1212 (solid) -
1085 (liquid)

20



Chapter 2 Literature review

2.1.1.2 Inorganic PCM

Inorganic materials as thermal storage materials are widely employed in practical
applications due to their high latent heat of fusion per unit volume and availability at
broad range of operating temperatures, as shown in Fig. 2. 2. Inorganic materials are
divided into subgroups of salt hydrates, salts and metallics.

a) Salt hydrates

Salt hydrates are the composites of inorganic salts and water solution at discrete mixing
ratio following the general formula of AB.nH20. The melting and solidification of salt
hydrates are essentially the hydration and dehydration of salt, which resembles the
thermodynamic phase transition between solid and liquid. Salt hydrates are the most
studied and practically utilised group of PCMs due to their higher thermal storage
density, relatively higher thermal conductivity, small volume change during phase
transition, sharp melting point and availability at wide range of temperatures at
relatively cheaper price (Sharma, A. et al. 2009a). Melting behaviour of salt hydrates
are divided into three categories: congruent melting, incongruent melting and semi-
congruent melting. In congruent melting, the anhydrous inorganic salt is completely
soluble in water, whereas, in incongruent melting, it is not completely soluble.
Similarly, in semi-congruent melting, the solid and liquid phases are in equilibrium
during phase change process. The main drawback of salt hydrates are incongruent
melting, phase segregation and subcooling during phase transition. In incongruent
melting, the high density solid particles of salt settle at bottom of container and the
solution is supersaturated. As a result, the reversible solidification process is not
achievable with incongruent melting, phase segregation and subcooling issues and
consequently, the low thermo-physical stability of salt hydrates is the main problem in
practical utilisation (Arena, S. 2016). Moreover, salt hydrates are also corrosive to metal
containers and toxic in nature. Table 2. 3 shows some commonly employed salt

hydrates as thermal storage materials.

b)  Salts and metallics

For temperature higher than 150 °C, salts and metallics are the feasible options to be
employed as thermal storage materials. The main advantages of salts are their higher
phase transition temperature, higher latent heat of fusion, higher thermal conductivity

and higher density (Rathod, M. K. and Banerjee, J. 2013). However, the higher capital
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cost, corrosive nature towards metal containers and subcooling reduce their practical

utilisation. Metallics include metals and metals eutectics which can be employed in

higher temperature applications. Metallics possess higher latent heat per unit volume,

higher thermal conductivity, low vapour pressure and insignificant volume change.

However, the higher initial cost, low specific heat capacity and higher weight reduces

the large-scale practical utilisations. The common metallics thermal storage materials
are listed in Table 2. 3.

Table 2. 3 Examples of few common salt hydrates and metallics with thermo-physical properties

(Mehling, H. and Cabeza, L. F. 2008; Sharma, A. et al. 2009a)

Salt hydrates Phase change Latent heat  Density Thermal conductivity
temperature (°C)  (kJ/kg) (kg/m?) (W/m. K)
Salt hydrates

LiClO3:3H20 8 155 1720 (solid) -
1530 (liquid)

CaCl,-6H,0 29 190 1710 (solid) ~ 1.088 (solid)
1562 (liquid)  0.540 (liquid)

Na,SO4-10H,0 32 254 1485 (solid) ~ 0.554 (solid)

Na»S,03-5H,0 48 to 55 209 1750 (solid) -
1670 (liquid)

Mg(NOs).-6H,0 90 163 1636 (solid)  0.669 (solid)
1450 (liquid)  0.490 (liquid)

MgCl,-6H.0 117 169 1569 (solid)  0.704 (solid)
1450 (liquid)  0.570 (liquid)

Metallics

Gallium 30 80.3 - 41

Cerrolow eutectic 58 90.9 - -

Cerrobend eutectic 70 32.6 - -

Bi—In eutectic 72 25 - -

Bi—Pb-tin eutectic 96 - - -

LiNO; 254 360 2140 (solid)  1.37 (solid)
1780 (liquid)  0.58 (liquid)

KNO3 333 266 1900 (solid) 0.5 (liquid)
1890 (liquid)

MgClI 714 452 2140 (solid) -

Na;CO3 854 276 2533 (solid) -
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In order to draw a comparison between various groups of thermal storage materials, a
detailed literature review was conducted in our review article (Khan, Z. et al. 2016a),
which considered both laboratory examined and commercially available PCMs. Table 2
in Appendix A — Paper | discusses the comparison amongst various groups of PCMs
with respect to the temperature range for materials availability, latent heat capacity,
thermal conductivity, advantages and shortcomings with methods for improvement. It
was manifested that the paraffins and salt hydrates could provide an advantageous and
desirable thermal storage medium as compared to other subgroups. Therefore, paraffins
and salt hydrates are exclusively considered for further investigations in this thesis.
Likewise, Table 3 and Table 4 in Appendix A — Paper | provide the detailed list of
various experimented and commercially available paraffins and salt hydrates thermal
storage materials at varied range of phase transition temperatures, their latent heat
capacity, thermal conductivity, density and long-term thermal cycle performance,

respectively.

2.1.2 Thermo-physical stability and compatibility of PCMs with container
materials

To develop a reliable and repeatable LHS system, the long-term thermo-physical
stability of PCMs and their good compatibility with container materials of LHS systems
are imperative. In last couple of decades, researchers have investigated the thermo-
physical stability and compatibility with container materials due to rising interest in
reliable and responsive LHS systems. Prior to producing large-scale commercial
development of LHS systems, the PCMs should be investigated for long-term thermo-
physical stability. Therefore, PCMs should be subjected to at least 3650 rapid thermal
cycles in laboratory to ensure thermo-physical stability and reliability of LHS systems

for 10 years.

2.1.2.1 Thermo-physical stability of PCMs

Thermo-physical stability of paraffins and salt hydrates are reviewed in detail (refer to
Appendix A — Paper 1). To conduct accelerated melting-solidification cycles,
researchers have commonly utilised differential scanning calorimeter and electric hot

plate setup or thermostatic bath or oven as thermal and cycling equipment.

In case of paraffins, due to identical chemical structure of chains of alkanes and no
requirement for addition of thickener or nucleating agents, the paraffins do not
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experience phase segregation and therefore, a good thermo-physical stability and
reliability of paraffins are reported with insignificant variance in phase transition
temperature and latent heat of fusion after accelerated thermal melting-solidification
cycles. According to (Hadjieva, M. and Argirov, J. 1992), the phase transition
temperature and latent heat of fusion for Cz22H4s.1 and Ca2s2Ha0.4 were insignificantly
varied from 47.1 °C — 46.6 °C and 57.1°C — 57.8 °C, and 166 kJ/kg — 163 kJ/kg and 220
kJ/kg — 224 kJ/kg after 900 accelerated thermal cycles. Likewise, (Sari, A. et al. 2011)
reported that n-heptadecane showed excellent thermo-physical stability with an
insignificant variance of 18.4 °C — 18.9 °C in phase transition temperature and 84.7
kJ/kg — 94.5 kJ/kg in latent heat capacity after 5000 accelerated melt-freeze cycles.
Similarly, (Sharma, S. et al. 1999; Sharma, A. et al. 2002; Shukla, A. et al. 2008; Alkan,
C. et al. 2009) reported that thermo-physical properties of paraffins did not degrade by

repeated thermal cycles.

In case of salt hydrates, the incongruent melting and phase separation causes the
formation of additional hydrates with less water content and settle in bottom due to
variation in densities, which drastically reduce the thermo-physical stability. In order to
improve the thermo-physical stability of salt hydrates, the nucleating agents such as
sodium chloride, strontium chloride hexahydrate, borax and disodium phosphate etc.
and thickeners such as silica gel, attapulgite clay, polyacrylamide and polyvinyl alcohol
etc. were proposed by researchers. Likewise, the addition of excess water were
experimented which limited the formation of additional hydrates and increased
solubility. In salt hydrates, calcium chloride hexahydrate (CaCl.. 6H20) along with
nucleating agents, excess water and thickeners had presented good repeatability of
phase transition temperature and latent heat capacity. (Kimura, H. and Kai, J. 1984;
Feilchenfeld, H. and Sarig, S. 1985; Tyagi, V. and Buddhi, D. 2008) reported that
CaClz. 6H20 with nucleating agents and thickeners illustrated good repeatability and
stability with no phase separation and insignificant degradation. However, (Marks, S.
1980; Porisini, F. C. 1988) reported that Glauber’s salt (Na2SO4. 10H20) with and
without nucleating agents and thickeners had sustained drastic degradation in thermo-
physical properties when subjected to accelerate thermal cycles. Likewise, (El-Sebaii,
A. et al. 2009; EI-Sebaii, A. et al. 2011) examined the thermal stability of magnesium
chloride hexahydrate (MgCl.. 6H>O) with sealed and unsealed container and addition of

excess water. It was reported that in case of unsealed container, the phase transition
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temperature and latent heat capacity deteriorated from 111.5 °C — 124.12 °C and 155.11
kJ/kg — 85 kJ/kg after 500 thermal melting-solidification cycles. Also, the unrestrained
phase segregation and incompatibility with metal container in unsealed container
orientation ruled out its practical utilisation in LHS systems. However, in case of sealed
container, the thermo-physical degradation and phase segregation was minimal even
after 1000 thermal melting-solidification cycles. It was reported that phase transition
rate and latent heat capacity was insignificantly varied from 110.8 °C — 115.39 °C and
138 kJ/kg — 130.28 kJ/kg, respectively. Therefore, it is recommended to include an
appropriate amount of nucleating agents, thickeners and excess water content to reduce
the phase segregation and subcooling problems in salt hydrates for improved thermo-

physical stability and reliability.

2.1.2.2 Compatibility of PCM and container materials

Long-term compatibility of PCM with container and heat exchanger materials are
crucial for large scale practical utilisation of LHS systems. Prior to the design and
development of LHS system for commercial or domestic applications, the thermal
storage material with essential thermo-physical properties should be selected and its
compatibility with container materials should be examined.

It is reported in literature that paraffins have good compatiblity with metal containers
and heat exchangers. However, paraffins have illustrated poor compatibility with plastic
containers which can reduce the long-term life cycle of LHS system. (Lazaro, A. et al.
2006) conducted a series of experiemtnal evaluation tests through visual inspection and
gravimetric analysis on different paraffins against various plastic containers and it was
informed that migration of paraffins in plastic containers and moisture sorption were
observed. However, it was reported that high density polyethylene (HDPE) had

illustrated relatively better compatibility with paraffins.

Due to corrosive nature of majority of salt hydrates, the compatibility with metal
containers have caused serious complications. As presented in Table 2. 4, most of the
salt hydrates are not compatible with copper and aluminium, which are the preferred
construction materials for containers and heat exchangers of LHS systems due to their
higher thermal conductivity and light weight as compared to stainless steel and carbon
steel. (Cabeza, L. et al. 2001a, 2001b) investigated the corrosive nature of CaCl,. 6H.0
at short term of 14 days and medium term of 75 days with brass, copper, aluminium,
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stainless steel and carbon steel. It was reported that CaCl,. 6H2O was compatible with
copper and brass but displayed corrosive behaviour against aluminium, stainless steel
and carbon steel. Similarly, (Moreno, P. et al. 2014) examined the corrosive behaviour
of eleven salt hydrates against copper, aluminium, stainless steel and carbon steel, as
presented in Table 2. 4. It was observed that almost all salt hydrates had illustrated
severe degradation to copper and aluminium samples, whereas stainless steel had
presented good corrosive resistance, as shown in Fig. 2. 5.

Therefore, in order to develop a reliable, durable and long-lasting LHS system for
practical utilisation in domestic and commercial applications, paraffins were appraised
as a practicable and relatively advantageous thermal storage option over salt hydrates.
The practical utilisation of salt hydrates were limited due to their complexities and
deteriorations in thermo-physical performance caused by their corrosive nature and
phase segregation problems. Therefore, paraffins were selected as thermal storage
materials for designing and developing a robust and responsive LHS system due to their

excellent thermo-physical stability and good compatibility with metal containers.

(A) (8) @

Fig. 2. 5 Corrosive behaviour of: (A) S10 against copper, (B) ZnCl,. 3H,0 against aluminium and (C)
Zn(NOs)2. 4H,O against carbon steel (Moreno, P. et al. 2014). *Note: Investigation of corrosive
behaviour of salt hydrates was out of scope of this thesis.
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Table 2. 4 Salt hydrates compatibility with metal containers (Khan, Z. et al. 2016a)

PCM References Container Materials
Brass Copper Aluminium Stainless steel Carbon Steel

Zn(NO3)2.6H.0 (Cabeza, L. et al. 2001a) No No No Yes No

(Cabeza, L. et al. 2001b) No No No Yes No
Na;HPO.. 12H,0 (Cabeza, L. et al. 2001a) Yes Yes No Yes No

(Cabeza, L. et al. 2001b) Yes Caution No Yes Caution
CaCl,.6H.0 (Cabeza, L. et al. 2001a) Yes Yes No Caution No

(Cabeza, L. et al. 2001b) Yes Yes Caution Yes Caution
NaOAc.3H;0 (Cabeza, L. et al. 2002) Caution Caution Yes Yes Yes
Na2S203.5H,0 (Cabeza, L. et al. 2002) No No Yes Yes Yes
Mg(NOs),-6H.0 (Farrell, A. J. et al. 2006) No No Yes Yes No
Glauber’s salt (Garcia-Romero, A. et al. Al1050  Yes
(Na2S04.10H,0) 2009) Al 2024  No

Al3003  Yes
Al 6063  Caution

S10 (NazSO4 + NH4CI + sepiolite) (Moreno, P. et al. 2014) No Caution Yes No
C10 (NazSO04 + H20 + additives) (Moreno, P. et al. 2014) No Yes Yes No
ZnCl,.3H,0 (Moreno, P. et al. 2014) Yes No Yes No
NaOH.1.5H,0 (Moreno, P. et al. 2014) No No Yes Caution
K2HPO4. 6H,0 (Moreno, P. et al. 2014) Caution No Yes No
S46 (NazS203.5H20 +sepiolite+ fumed silica) (Moreno, P. et al. 2014) No Caution Yes No
C48 (CH3;0O0ONa+H,0+ additives) (Moreno, P. et al. 2014) No Yes Yes Yes
MgS0,4.7H.0 (Moreno, P. et al. 2014) No Yes Yes No
Zn(NO3)2.4H,0 (Moreno, P. et al. 2014) No No Yes No
K3P0O4.7H0 (Moreno, P. et al. 2014) No No Yes Yes
Na»S,03.5H,0 (Moreno, P. et al. 2014) No Caution Yes Caution
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2.1.3 Effective heat exchanger mechanism for LHS system

The selection of heat transfer mechanism between thermal storage materials and HTF
play a decisive role in designing and developing an efficient and responsive LHS
system for practical applications. The productivity of LHS systems are significantly
affected by low charging and discharging rates, which are caused by low thermal
conductivity of PCMs (= 0.2 — 0.4 W/m- K). Therefore, it is imperative to adopt to
various thermal performance enhancement techniques to overcome the shortcomings of
LHS systems. As presented in Fig. 2. 6, the various thermal performance enhancement
techniques implemented by various researchers to improve the charging/discharging
rates and thermal storage capacity of LHS systems are geometrical configurations,
inclusion of extended surfaces, addition of thermal conductive additives, multiple PCMs
approach and encapsulations of PCM (Agyenim, F. et al. 2010; Dhaidan, N. S. and
Khodadadi, J. 2015; Giro-Paloma, J. et al. 2016; Liu, L. et al. 2016). In this thesis, the
numerical and experimental examinations for thermal performance enhancement of
LHS system were focused on geometrical configurations, addition of extended surfaces
and incorporation of thermal conductive additives techniques. Detailed discussion about

other performance enhancement techniques can be found in Appendix A — Paper I.

(N (50
)

Longitudinal or Circular Fins Multitubes or Finned Rectangular Y
Axial Fins shell and tube Container Container
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Steel Meatal

Metal Rings Metal Matrix Lessing Rings Encapsulation Ball Capsules
D \ '
e
-
Polyolefine Polypropylens Module Beam PCM-Graphite Compact Flat Panel
Spherical Balls Flat Panel

Fig. 2. 6 Thermal performance enhancement techniques adopted by researchers (Khan, Z. et al. 2016a)
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2.1.3.1 Geometrical configuration of LHS system

The geometrical orientation of LHS system significantly influences the nature of heat
transfer and subsequently, the accumulative thermal energy storage/release,
charging/discharging rate and mean charge/discharge power. Thermal performance of
LHS systems are directly influenced by the selection of container orientations. The
typical container orientations investigated by researchers are: rectangular, spherical,
cylindrical, concentric tubes and shell and tubes. Due to excellent integration to
numerous engineering applications and minimal thermal energy losses, shell and tubes

configurations based LHS systems are extensive inspected in literature.

The selection of container configuration is an important parameter for developing an
effective and efficient LHS system. (Kamkari, B. et al. 2014) numerically examined the
dynamic phase transition performance of PCM in a rectangular container with varied
inclination angles of 0°, 45° and 90°. The hot surface of container was set to an
isothermal temperature and the other sides were set to adiabatic condition. It was
informed that hot surface position was key to natural convection and consequently to
overall heat transfer and phase transition rate. In case of vertical hot wall, conduction
heat transfer dominated the thermal energy transfer at the start of charging cycle and as
a result, the temperature contours were found to be in parallel to hot wall. However, as
the liquid portion of PCM increased, the natural convection dominated the heat transfer
by overcoming the viscous force with buoyant forces. Due to upward rise of high
temperature molecules, the heat transfer at upper portion of container was increased,
which produced a relatively higher melting rate. The temperature contours represented a
reduction in temperature as descending along the solid-liquid interface, which resulted
in lower heat transfer and melting rate at bottom portion. Likewise, a stratified liquid
layer was observed due to accumulation of hot liquid PCM at upper portion of
container. In case of hot surface at 45° inclination, no stratified layer were observed and
therefore, a relatively higher heat transfer and melting rate were achieved. Likewise, in
case of horizontal hot surface orientation, the uniform temperature distribution resulted
in twice as rapid melting rate as compared to vertical hot surface orientation. Likewise,
(Lamberg, P. et al. 2004) conducted numerical investigations on phase transition
performance of PCM in rectangular container with and without natural convection. It
was informed that the melting time was reduced to almost half for LHS system with

natural convection as compared to without natural convection case.
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Similarly, the influence of natural convection on effective heat transfer, melt front
movement and phase transition rate were investigated in cylindrical container by (Jones,
B. J. et al. 2006; Shmueli, H. et al. 2010; Han, G.-S. et al. 2017). It was reported that as
compared to rectangular orientation, the melting process was influenced by four various
regimes, as follow: (i) conduction heat transfer, (ii) conduction and natural convection,
(iii) natural convection and (iv) solid shrinkage, as shown in Fig. 2. 7. In solid
shrinkage, the remaining solid portion of PCM was gradually melted by natural

convection alone.

| 10800 s
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Fig. 2. 7 Melt front of paraffin wax in a vertical cylindrical container at various time intervals (Jones, B.
J. etal. 2006).

(Esapour, M. et al. 2016) conducted numerical investigations on phase transition
behaviour of PCM in a shell and multi-tubes configuration. The effect of increasing
number of smaller multi-tubes as compared to single larger tube was analysed. It was
informed that due to an increase in number of tubes, the molten regime was improved
and therefore, the influence of natural convection was amplified. As a result, the melting
rate was improved by 29% for four multi-tubes as compared to single tube orientation,
as presented in Fig. 2. 8. Likewise, (Luo, K. et al. 2015) conducted numerical analyses
to investigate the influence of number of tubes and their orientations in shell on phase
transition rate. It was informed that with an increase in number of tubes to 4 and 9, the

phase transition rate was improved by 2.5 and 5 times as compared to single tube
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configuration. Moreover, the comparative analyses for relatively higher phase transition
rate in rectangular, cylindrical and shell and tube orientations were conducted by
(Zivkovic, B. and Fujii, 1. 2001; Vyshak, N. and Jilani, G. 2007). It was reported that for
same volume and effective heat transfer area, the shell and tube orientation had

presented higher charging rate to accumulate equal amount of thermal energy.

In case of discharging cycle, the solidification process is initially dominated by natural
convection which helps in discharging the sensible portion of thermal energy and
therefore, the temperature of PCM drops to phase transition temperature. With the
formation of solidified layer, conduction heat transfer dominates the extraction of
thermal energy. The solidified layer of PCM behaves as an insulation medium due to
their low thermal conductivity, which results in reduced phase transition rate. Therefore,
the vertical or horizontal orientation of LHS system has an insignificant influence on
phase transition rate during discharging cycle (Allen, M. J. et al. 2015; Seddegh, S. et
al. 2016).

==t |
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Fig. 2. 8 Transient liquid fractions for various shell and multi-tubes orientations (Esapour, M. et al. 2016).

2.1.3.2 Inclusion of extended surfaces
The inclusion of extended surfaces are practiced for countering the low thermal
conductivity of PCM by improving the effective surface area for heat transfer. The

geometrical configuration and orientation of extended surfaces play an essential role in
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improving phase transition rate, accumulative thermal energy/discharge rate and mean
charge/discharge power. Due to natural convection dominated melting process, the
extended surfaces geometry, number and orientation in container are critical for

optimum enhancement in thermal performance of LHS system.

The effect of extended surfaces number, height and thickness on overall thermal
performance of LHS system were numerically simulated and analysed by (Shatikian, V.
et al. 2005; Tao, Y. and He, Y. 2015; Ren, Q. and Chan, C. L. 2016; Wang, P. et al.
2016). It was observed that with an increase in number of fins, their length and
thickness, the phase transition rate was amplified due to improved heat transfer rate and
thermal distribution across the container. However, the excessive addition of fins would
obstruct the liquid phase movement, which would disrupt the natural convection and
consequently the enhancement in phase transition rate and temperature distribution
would be affected. Therefore, the small number of lengthy fins were recommended over
large number of smaller fins. Similarly, the thicker fins had presented uniform
temperature along the height of fins whereas, the thinner fins had experienced
temperature gradient. Uniform temperature provision is desirable for higher phase
transition rate however, the thermal storage capacity would be compromised with an
increase in fins thickness. Therefore, an optimum number of fins, their length and
thickness should be identified for particular container orientation to gain most

appropriate enhancement in thermal performance.

Influence of longitudinal fins on phase transition rate in concentric tube configuration
was simulated by (Li, Z. and Wu, Z.-G. 2015). It was noticed that the melting and
solidification rate were improved by a fraction of 14% as compared to without fins
orientation. Likewise, (Darzi, A. A. R. et al. 2016) reported an enhancement of 39%,
73%, 78% and 82% in melting rate and 28%, 62%, 75% and 85% in solidification rate
with an inclusion of 4, 10, 15 and 20 longitudinal fins as compared to without fins case.
It was observed that due to conduction dominant solidification process, the impact of
inclusion of extended surfaces were more pronounced as compared to melting process.
Similarly, (Yuan, Y. et al. 2016) numerically investigated the influence of longitudinal
fins angles on phase transition rate in concentric tube based LHS system. It was
informed that longitudinal fins angle significantly influenced the melting process. Two
longitudinal fins were installed at four angles of 0° 30° 45° and 90° and it was

informed that the melting rate for longitudinal fins with 0° angle was relatively higher.
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Therefore, the number and orientation of extended surfaces in container are critical for

an appropriate thermal performance enhancement.

Beside longitudinal fins, the various designs of extended surfaces for thermal
performance enhancement include rectangular, radial, pinned, helical and triplex fins.
Various comparative studies were conducted by (Agyenim, F. et al. 2009; Caron-
Soupart, A. et al. 2016; Lohrasbi, S. et al. 2017) to determine the most suitable design
solution for extended surfaces which is capable of producing relatively higher phase
transition rate, mean charge/discharge power, accumulative thermal energy
storage/discharge with easier and rapid manufacturing and integration into container. It
was reported that longitudinal fins based LHS systems had established relatively higher
thermal performance and provided an easier integration to shell and tube or other

container orientations.

2.1.3.3 Addition of thermal conductive additives

The low thermal conductivity of PCM can be overcome by addition of thermal
conductive additives to achieve improved thermal storage and discharge performance.
The various types of thermal conductive additives include metal matrices and structures,
metal nano-particles, metal-oxides nano-particles, metal-nitrides nano-particles, carbon

fibres and graphite.

(Velraj, R. et al. 1999) conducted a comparative analysis on thermal performance
enhancement with inclusion of longitudinal fins and lessing rings techniques in a
cylindrical LHS system. It was observed that the total solidification time for
longitudinal fins and lessing rings were 1/4™ and 1/9" of the solidification time for plain
cylindrical LHS system, respectively. However, it was also noticed that the inclusion of
longitudinal fins and lessing rings had compromised the overall thermal storage
capacity by 7% and 20%, respectively. Therefore, an optimum concentration of lessing
rings should be identified to achieve a required phase transition rate and thermal storage
capacity. Similarly, (Mesalhy, O. et al. 2005; Du, Y. and Ding, Y. 2016) suggested that
metal matrix and metal foam with higher thermal conductivity and optimum porosity

should be employed to achieve required improvement in phase transition rate.

Due to higher thermal conductivity (24 — 270 W/m. K) and excellent absorbability of
graphite, an extensive research is reported in literature that investigates the thermal

performance enhancement of LHS systems with inclusion of graphite. (Haillot, D. et al.
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2008) informed that the effective thermal conductivity for graphite composites were
ranged from 5 — 50 W/m. K as compared to pure PCM range of 0.2 — 1 W/m. K. Despite
the significant enhancement in thermal conductivity, it was informed that the thermal
storage capacity was significantly reduced with inclusion of graphite (Sari, A. and
Karaipekli, A. 2007; Duan, Z.-j. et al. 2014). The porosity of graphite is essential
parameter for effectiveness of enhanced overall thermal performance. The smaller mean
pore size of graphite can complicate the impregnation of PCM and can obstruct the
molecular moment which could decrease the latent portion of thermal energy capacity.
Conversely, an increase in mean pore size can cause leakage issues due to reduced
capillary forces. Moreover, the chemical and mechanical procedures for preparation of
graphite composites are time and energy consuming. Therefore, a relatively simpler
technique of dispersion of nano-particles is preferred.

(Mettawee, E.-B. S. and Assassa, G. M. 2007) conducted experimental tests to
investigate the enhancement in thermal performance of paraffin wax with incorporation
of various mass fractions of aluminium nano-particles. It was reported that the charging
and discharging rate was significantly improved with an increase mass fraction of
aluminium nano-particles. Likewise, (Zeng, J. et al. 2006) reported a significant
enhancement with inclusion of silver nano-particles to 1-tetradecanol. However, it was
informed that the increase in mass fraction of metal nano-particles had adverse effect on
latent heat capacity of LHS system. Overall thermal storage capacity was reduced from
234.2 kJ/kg for pure 1-tetradecanol to 119.4 kJ/kg for composite with 0.5 mass fraction.

To achieve desirable thermal conductivity and thermal storage capacity, the inclusion of
metal oxides or nitrides provide a feasible and relatively cost effective enhancement
technique. (Harikrishnan, S. et al. 2014) conducted experimental examinations on the
influence of TiO2, ZnO and CuO nano-particles addition to lauric acid and stearic acid
mixture base material. It was reported that with addition of 1 wt% of nano-additives, the
thermal conductivity was improved by 34.85%, 46.97% and 62.12%, respectively.
Likewise, (Venkitaraj, K. et al. 2017) studied the impact of varying mass fraction of
aluminium oxide on thermal performance enhancement of LHS system. It was informed
that with an increase in mass fraction from 0.1% — 1%, the overall thermal conductivity
of composites were increased from 18.11% — 51.79% as compared to pure PCM.
Similarly, (Wang, W. et al. 2009) noticed an enhancement in thermal conductivity from

0.3847 W/m. K — 0.7661 W/m. K with an increase in concentration of aluminium
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nitride nano-particles from 5% — 30%, respectively. It was also reported that an increase
in nano-particles concentration had minimal impact on phase transition temperature.
Furthermore, (Awad, A. et al. 2018) reported an improvement in effective thermal
conductivity of potassium nitrate salt (KNOz) with inclusion of Fe2O3 and CuO nano-
additives. In case of 0.5 wt%, the thermal conductivity was increased from 0.359 W/m.
K to 0.524 and 0.536 W/m. K, respectively.

It was concluded from literature review that the thermal conductivity of base materials
could be significantly enhanced by incorporating thermal conductive additives.
However, the latent heat capacity would be compromised with inclusion of excessive
quantity of additives. Also, the excessive inclusion of additives could significantly
augment the dynamic viscosity which could adversely affect the impact of natural
convection on melting process. Therefore, an optimum quantity of nano-particle
additives should be identified for an appropriate thermal performance enhancement of
LHS system.

2.2 Limitations and gaps in literature
Detailed literature review of LHS systems identified the following limitations and gaps
in terms of geometrical orientation of container along with extended surfaces and nano-

additives enhanced thermal storage materials:

1.  The literature review identified that shell and tube heat exchanger based LHS
systems have relatively better thermal storage performance and provision of easier
integration into practical applications. However, there is a lack of literature on
vertical shell and tube configurations with multiple tube passes for higher thermal
storage capacity. Similarly, the inclusion of longitudinal fins for thermal
performance enhancement had presented a relatively higher thermal performance,
however the vertical configuration of longitudinal fins in shell and tube heat
exchanger with multiple tube passes have not been reported in previous literature.
Therefore, there is a need for numerical and experimental examinations of novel
vertical shell and tube heat exchanger with optimum multiple tube passes and
optimum geometrical dimensions, construction material and orientation of
longitudinal fins in the shell container to produce high thermo-physical stability

and enhanced thermal performance of LHS system.
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2.

2.3

It can be concluded from literature review that the inclusion of metal oxides,
metal nitrides and carbon allotropes nano-additives in base material can
significantly enhance thermal conductivity and charging/discharging rate on the
expense of thermal storage capacity. However, there is lack of literature on
experimental examinations of aluminium oxide (Al203), aluminium nitride (AIN)
and graphene nano-platelets (GNP) based paraffin composites with varied mass
fractions in an actual shell and tube heat exchanger based LHS system. Likewise,
the literature review identified that the previously implemented numerical models
for estimation of effective thermal conductivity and dynamic viscosity of nano-
additives enhanced composites are inaccurate because those models were
developed for smaller concentration and large particles. Therefore, there is a need
to conduct experimental and numerical examinations to draw a comparison metal
oxide, metal nitride and carbon allotrope based paraffin composites in an actual
shell and tube orientation based LHS system. Also, there is a need to implement a
numerical model that is capable of accurate prediction of effective thermal
conductivity and dynamic viscosity of paraffin composites by considering the
influence of nano-additives material, their particle size, volume concentration and
operating temperature.

Finally, there is a lack of research on coupling two thermal performance
enhancement techniques, such as inclusion of longitudinal fins and incorporation
of nano-additives, which would establish a LHS system with significantly higher
charging/discharging rate, accumulative thermal energy storage/discharge and
mean charge/discharge power and consequently enable large-scale practical

utilisation.

Selections and conclusions

Based on literature review of various types of thermal storage materials, their

compatibility with heat exchanger and container materials and thermal performance

enhancement techniques, the following selections and conclusions are made considering

the limitations in literature:

The comparison among various types of PCMs with respect to temperature range
for materials availability, latent heat capacity, thermal conductivity, advantages
and shortcomings with methods for improvement, it was established that paraffins

and salt hydrates are relatively advantageous and desirable thermal storage
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mediums. However, the requirement of nucleating agents, thickeners and excess
water content to reduce the phase segregation and subcooling problems along with
corrosive nature can increase the complexity and deterioration of thermo-physical
performance of salt hydrates based LHS systems. Therefore, paraffins were
selected as thermal storage materials due to their excellent thermo-physical
stability and good compatibility with metal containers for developing a durable
and reliable LHS system. Commercial grade paraffins ranging from 0 °C — 90 °C
are available from (Anon. 2017). In this thesis, the numerical and experimental
investigations were conducted on paraffin (RT44HC) with phase transition
temperature of 44 °C. Based on practical application, paraffin with different phase
transition temperature could be selected and employed in the proposed LHS
system.

2. Due to excellent compatibility of paraffins with metal containers, the usual
construction materials for heat exchanger such as copper, aluminium, nickel, tin,
cast iron and steel was selected to be numerically investigated for their impact on
thermo-physical performance of LHS system. Copper and aluminium were
preferred due to their higher thermal conductivity which would be essential for
higher thermal performance of LHS systems.

3. In case of effective heat exchanging mechanism, vertical shell and tube heat
exchanger based LHS system were selected due to their comparatively higher
thermal performance, easier integration into numerous practical applications and
minimal thermal losses. Likewise, longitudinal fins were selected as extended
surfaces due to their simpler geometry and insignificant obstructions towards
natural convection or liquid moment, excellent temperature distribution in
container and minimal reduction in thermal storage capacity. Moreover, metal
oxides (Al.03), metal nitrides (AIN) and carbon allotropes (GNP) were selected as
nano-additives to be incorporated in base paraffin for thermal performance
enhancement due to their relatively higher thermal conductivity performance and
lower reduction in thermal storage capacity of LHS systems. Therefore, this thesis
would be focused on numerical and experimental investigations of novel LHS
system comprising of vertical shell and tube heat exchanger with longitudinal fins

and nano-additives enhanced paraffin as thermal storage medium.
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Chapter 3 Numerical methodology

This chapter provides a detailed discussion on the analytical and numerical
methodology adopted for designing a novel LHS system with enhanced thermal
performance. Based on knowledge acquired in chapter 2, SOLIDWORKS software was
exercised to model various orientations of shell and tube heat exchanger with
longitudinal fins based LHS system. ANSYS Fluent software was implemented for
discretisation of governing equations to numerically simulate the melting and
solidification processes on the proposed models for LHS system. Parametric
investigations were conducted by simulating a transient numerical model to investigate
the influence of various positioning and orientations of tubes and longitudinal fins in
shell container, geometrical dimensions of longitudinal fins, materials for shell and tube
heat exchanger and longitudinal fins and operating conditions on phase transition rate
and overall thermal storage capacity of LHS system. Moreover, thermal performance
enhancement due to incorporation of various nano-additives such as metal oxides, metal
nitrides and carbon allotropes with varied volume concentrations, particle size and
operating conditions were numerically simulated in ANSYS Fluent software. Based on
numerical investigations, an optimum design solution with novel nano-PCM for LHS
system were proposed. Therefore, this chapter will help in understanding the influence
of various parameters on thermal performance of LHS system and will also explain the
basic numerical simulation techniques that could be implemented for designing LHS
system with optimum thermal storage performance. This chapter summarises the
literature that has been published in the articles: “Parametric investigations to enhance
thermal performance of paraffin through a novel geometrical configuration of shell and
tube latent thermal storage system” by (Khan, Z. et al. 2016b) (refer to Appendix A —
Paper 1), “Development in paraffin based thermal storage system through shell and
tubes heat exchanger with vertical fins” by (Khan, Z. and Khan, Z. A. 2017a) (refer to
Appendix A — Paper Ill) and “Experimental and numerical investigations of nano-
additives enhanced paraffin in a shell and tube heat exchanger: a comparative study” by
(Khan, Z. and Khan, Z. A. 2018) (refer to Appendix A — Paper VI).
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3.1 Mathematical models for LHS systems

3.1.1 Analytical models

3.1.1.1 Stefan problem approach for 1-dimensional semi-infinite layer

Prior to developing a numerical model for transient phase change or moving boundaries

problems, an analytical approach known as Stefan problem was implemented on a

simple 1-dimensional semi-infinite rectangular slab to acquire basic understanding of

phase transition process and phase boundary movement. (Stefan, J. 1889) developed an

analytical model for ice formation problem to predict the solid phase boundary

movement with respect to time. The proposed analytical model was comprised of

following assumptions:

1.

This analytical model could only be implemented to a simple geometry as
presented in Fig. 3. 1. The semi-infinite layer of rectangular slab could be
melted/solidified by assigning constant heating/cooling temperature T, to the left
surface of the geometry extending towards right till infinity.

Variations in volume, density and thermal conductivity due to phase transition
between solid and liquid was neglected.

Overall thermal storage capacity were comprised of sensible and latent portion of
heat capacity. In Stephan problem, the sensible portion of heat capacity was
neglected and thus, the latent portion of heat capacity was considered at phase
transition temperature.

Natural convection was neglected and conduction was assumed as an only and
dominant mode of heat transfer, which would result in linear temperature profiles
during phase transition.

Paraffin material was assumed to be in initial solid/liquid phase during

melting/solidification process and at a uniform phase transition temperature 7.

Likewise, a constant heating/cooling temperature T, was assigned to left surface

of the geometry.
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Fig. 3. 1 Melting and solidification process of a 1- dimensional semi-infinite layer of paraffin. Left side
plots represent initial conditions and right side represent melting/solidification front movement conditions

after time interval (t).

By neglecting sensible portion of thermal energy, the amount of heat transferred from
the hot surface was completely stored as latent heat by melting the solid phase, as
represented by melting front. Therefore, the heat flux density g at the hot surface was
then given by (Hahn, D. W. and A-zisik, M. N. 2012):

dx
&= pLE (3.1)

where p, L, x and t represented density (kg/m®), latent heat of fusion (kJ/kg) of
paraffin, horizontal distance from hot/cold surface (m) and time (S), respectively.
Likewise, due to neglecting natural convection and assuming that heat transfer was
conduction dominant, the heat flux density from the surface to melting front, which was
at distance x from hot surface, was estimated by Fourier law (Bergman, T. L. et al.
2011), as follow:

To =T (3.2)
X

=k

where k represented thermal conductivity (W/m. K) of paraffin. Equating Eqg. (3. 1) and
Eqg. (3. 2), the following form could be derived:
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T,-T
k [¢] pc ZIDL% (3 3)
X dt

Re-arranging Eq. (3. 3) and integrating it for time interval &= 0 to &t as follow:

&t k(To -T c) x(t&t)
[a — L=, % (3.4)

k(TO _TPC)I :lxz

o % (3.5)

In order to equate the time required for melting front to move a distance x, away from

hot surface, Eq. (3. 5) was rearranged as follow:

2

(o P (3. 6)
2k (T, - T,)
Likewise, to locate the distance x., covered by melting front away from hot surface
after time interval t, Eq. (3. 5) could be rearranged as follow:
2k(T,-T,)

X(t) = Tt (3 7)

Moreover, Eq. (3. 2) and Eq. (3. 7) were simplified to calculate heat flux density as a

function of time t, as follow:

/ka(TO ~Ty)
® N2t (3.8)

As illustrated in Eg. (3. 7) and Eq. (3. 8), parameters such as thermal conductivity Kk,
density p, latent heat capacity L, phase transition temperature T, inlet temperature of
hot surface T, and time t significantly influence the melting front movement or melting
rate and heat flux density. These equations were produced for melting process, in
solidification process the temperature gradient could be changed from (T, — T,.)

to (T — Tp).
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3.1.1.2 Energy balance method

Energy balance method was implemented to design an analytical model to calculate the

inlet/outlet temperature of HTF, heat transfer coefficient, charging and discharging rates

of selected thermal capacity of paraffin in a shell and tube heat exchanger based LHS

system. Impact of operating temperature and mass flow rates on charging and

discharging rate could be calculated using this analytical model. In order to simplify the

complex geometrical configuration of shell and tube heat exchanger with multi-tube

passes, each tube pass was assumed as a concentric tube and the length of concentric

tubes was equivalent to the running length of multi-tube passes, as shown in Fig. 3. 2.

PCM .shell HTF tube
container

Fig. 3. 2 Geometrical representation of single tube in shell configuration

The analytical model was based on the following essential assumptions:

1.
2.

Steady state conditions and fully developed flow for HTF were assumed.

Phase transition temperature for paraffin was assumed as constant and subcooling
was neglected. Moreover, the variations in volume, density and thermal
conductivity due to phase transition between solid and liquid were neglected.

Due to relatively higher thermal conductivity of HTF tube wall, the conduction
resistance in tube was neglected and the convection resistance in liquid paraffin
was ignored as well.

Sensible heat storage was ignored due to its minimal heat storage capacity as
compared to latent portion of heat storage. Likewise, constant inlet temperature of

HTF and perfect adiabatic conditions were applied to outer surface of shell.
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Energy balance approach was employed considering the adiabatic outer surface of shell
and negligible thermal resistance and therefore, the total thermal energy released by
high temperature HTF was completely arrested by paraffin in shell container. Therefore,

the total heat transfer rate g was calculated as follow (Bergman, T. L. et al. 2011):
q =mCy(Tpo — Trmy) = MCpd T, (3.9)
q = hAg(Tye — Tm) = (D, dx)(AT) (3. 10)

where m, C, h, A, D; ¢, T, and T, represented mass flow rate of HTF (kg/s), specific
heat capacity of HTF (kJ/kg. K), heat transfer coefficient (W/m?. K), surface area of
tube (m?), inner diameter of tube (m), mean temperature of HTF in tube (°C) and phase
transition temperature of paraffin (°C), respectively. Similarly, dT,, = (Tm,o — Tm,i)
and AT = T, — T,. Hence, the following equation was produced by rearranging Eq. (3.
9) and Eqg. (3. 10):

dT

m _

_d@1) _7Dh
dx dx mC

p

T (3. 11)

Subsequently, Eq. (3. 11) was rearranged to integrate for entire length [ of shell and

tube, as follow:

a1, d (AT Di, ¢
om0

h.dx (3.12)
AT AT me

0

: D, |
[ d(aT) __ 7D (}j' h.dx} 3. 13)
AT AT me |Jo
DI _—
&l _ 7O (3. 14)
AT, mC,

In Eq. (3. 14), h represented average heat transfer coefficient, AT, = Type — Tino

and AT; = Ty, — Tp,i- Therefore, Eq. (3. 14) can be rearranged as follow:

Toe = Tho 7D, | —
————= =exp| ————h (3.15)
Tpc —T.; me
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The outlet temperature T,,, was calculated from Eq. (3. 15) for known values of
geometrical parameters, thermo-physical properties and inlet temperature of HTF.
Likewise, the average heat transfer coefficient h was evaluated by simply employing
dimensionless numbers such as Reynolds number, Prandtl number and Nusselt number.
Reynolds number Re was operated to evaluate the nature of HTF flow, whether laminar

or turbulent, and was calculated using the following equation:

_ inertial forces  pu,D;,  4m (3. 16)
viscous forces x4 D, u '

Re

where u,, and [ represented fluid velocity in tube (m/s) and dynamic viscosity of HTF
(kg/m- s). Similarly, Prandtl number Pr, the ratio of viscous diffusion rate to thermal

diffusion rate, was calculated as follow:

pro M _Cott (3.17)

“k/C,p K

Similarly, the non-dimensional Nusselt number Nu is the ratio of convection heat
transfer to conductive heat transfer. Nusselt number for turbulent and fully developed
flow was calculated by implementing Dittus-Boelter equation (Bergman, T. L. et al.
2011), as follow:

hD.,
Nu =T”=0.023Re% Pr" (3.18)

Eqg. (3. 18) was implemented to estimate the average heat transfer coefficient h and
consequently, outlet temperature T, , was calculated from Eq. (3. 15). Likewise, the
total thermal energy storage by paraffin was estimated by assigning calculated values in
Eq. (3. 9). Moreover, the overall charging or discharging time ¢, for paraffin in shell

and tube heat exchanger configuration was estimated by following relation:

2 2
t :m_L:&'{”(Dns—Dovt)]L (3. 19)
a q 4

where D; s and D, , represented the inner diameter of shell (m) and outer diameter of

HTF tube (m), respectively.
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3.1.2 Numerical models

3.1.2.1 Mathematical formulation for pure paraffin
Numerical model was developed based on governing equations to simulate transient
charging and discharging cycles of LHS system. In order to bring simplicity to transient

numerical model and shorten the computation time, the following assuming were made:

1.  Due to higher thermal conductivity of metal tubes as compared to paraffin, the
thickness and conduction resistance in HTF tubes were neglected. Likewise, outer
boundary of the shell was assumed to be under perfect adiabatic conditions.

2. Volumetric expansion of paraffin during phase transition was neglected and the
nature of natural convection was assumed as laminar.

3. Uniform initial temperature was assigned to entire computational domain of
paraffin and constant boundary temperature was assigned to HTF tubes to transfer

thermal energy between HTF in tubes and paraffin in shell.

The governing equations computed for investigating the phase transition rate and
overall thermal capacity of LHS system during charging and discharging cycles

included continuity, momentum and energy conservation equations, as described:
Continuity conservation equation:
op
—~— +V.(ou)=0 (3. 20)
ot
Momentum conservation equation:
ou
p5+p(u.V)u =—-Vp+ uAu+F+Su (3.21)

Energy conservation equation:

CT
P o 8’? ) +pV.(C,Tu) =KAT +q (3.22)

where p and u in Eq. (3. 20) represented density (kg/m®) and velocity vector (m/s), and
p, 4, F and Su in Eqg. (3. 21) represented pressure (Pa), dynamic viscosity (kg/m.s),

buoyant volume force (Pa/m) and momentum source term and C, T,k and q in Eg. (3.
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22) represented specific heat at constant pressure (kJ/kg.K), temperature (°C), thermal

conductivity (W/m.K) and heat source term (W/m?), respectively.

Buoyant volume force term F in Eq. (3. 21) was responsible for buoyancy driven
upward rise of high temperature paraffin molecules and resulting in dominant natural
convection heat transfer. Therefore, the natural convection influence on phase transition
rate was controlled by Boussinesq approximation term (Gray, D. D. and Giorgini, A.

1976) for buoyant volume force, as follow:

F = pgB(T — Trer) (3.23)

where g, B and T,.r showed gravitational acceleration (m/s?), coefficient of thermal
expansion (1/K) and reference phase transition temperature (°C), respectively. Likewise,
enthalpy-porosity technique (Voller, V. R. and Prakash, C. 1987) was implemented for
identification of liquid fraction during phase transition process. The computational
domain of paraffin was considered as porous medium and the porosity in each mesh
element was compared as equivalent to liquid fraction. For instance, at fully solidified
state, the porosity was equal to zero and consequently, the liquid fraction in
computational domain was zero as well. The momentum source term Su in Eq. (3. 21)
was regulating the porosity in computational domain of paraffin and was calculated by

implementing Kozeny-Carman equation (Nield, D. A. and Bejan, A. 2006), as follow:

k(- )

Su=—+—
(a+ %)

u (3.24)
where k, a and f represented the morphology constant for mushy zone which range
from 10* — 10°, small constant value such as 10 to circumvent division by zero and
liquid fraction of paraffin during phase transition, respectively. The phase transition
phenomena occurred during temperature interval of T, < T < T, and therefore, the

liquid fraction term f was estimated using the following relations:

TOT T<T,
f= T_TS T, <T<T, (3. 25)
'1 : T>T,
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where T, and T; represented temperature of paraffin during solid phase and liquid phase,
respectively. Temperature interval for phase transition process, represented by AT,
was noticed as influencing parameter in identifying the phase transition rate. For higher
AT, value, the phase transition rate was underestimated and therefore, a longer phase
transition time was noticed, likewise for lower AT, value, the phase transition rate was
slightly overestimated and thus, a shorter phase transition time was recorded. Moreover,
the effective specific enthalpy was calculated from the combined specific enthalpies of
paraffin in solid and liquid phase. Likewise, the effective specific heat capacity was

derived from differentiation of effective specific enthalpy with respect to temperature,

as follow:
pH :pCpT = fspsHs + prIHI (3 26)
Cp :i fspsHs + prIHI (3 27)
oT Yo,
1 0 (fp - fsps)
Cp ZZ( fspscp,s + flplcp,|)+(Hl - HS)a_T|:IIT (3 28)

Likewise, the difference between specific enthalpy of paraffin at liquid and solid phase

in Eq. (3. 28) was equivalent to latent heat capacity of paraffin: L = (H; — Hy).

3.1.2.2 Mathematical formulation for nano-PCM

By incorporating nano-additives into base paraffin, the thermal performance of LHS
system could be enhanced. To investigate the influence of nano-additives material,
particle size and volumetric concentration on thermo-physical performance of nano-
PCM based LHS system, a numerical model was developed based on governing
equations and theoretical relations for mixture of two components. The governing
equations employed for nano-PCM were the same continuity, momentum and energy
conservation equations as discussed in above section for pure paraffin (refer to
Appendix A — Paper VI1). However, the thermo-physical properties of pure paraffin was
altered by inclusion of nano-additives and were estimated from mixture of two

component relations, as follow:

pnpcm = d/Fpnp +(1_é;/F )ppcm (3 29)
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C _ 5VFpanp,np +(1_5VF )pPCmCP,PC'ﬂ (3 30)

p,npcm
pnpcm

L - (1_5\/F )ppcm chm (3 31)

npcm
pnpcm

where the indices np, pcm and npcm represented nano-additive particle, paraffin as
base PCM and nano-additives enhanced PCM or nano-PCM, respectively. Likewise,
éyr showed the volume concentration or volume fraction of nano-additives in base
PCM.

Moreover, the effective thermal conductivity and dynamic viscosity of hano-PCM were
computed by implementing semi-empirical models proposed by (Corcione, M. 2011).
Corcione proposed semi-empirical models were accounting for nano-additives particle
size, volume concentration and operating temperature of composite nano-PCM. The
previous standard models and theories proposed by (Maxwell, J. C. 1881) and
(Bruggeman, V. D. 1935; Hamilton, R. and Crosser, O. 1962; Xuan, Y. et al. 2003) for
valuation of effective thermal conductivity of nano-additives enhanced nano-PCM and
models proposed by (Einstein, A. 1906) and (De Bruijn, H. 1942; Brinkman, H. 1952;
Krieger, I. M. and Dougherty, T. J. 1959; Batchelor, G. 1977) for estimation of dynamic
viscosity of nano-PCM, failed to accurately predict enhancement in thermal
conductivity and dynamic viscosity with inclusion of nano-additives due to the reason
that these proposed standard models were developed for larger particle size and smaller
volumetric concentration of nano-additives and were not considering the influence of
operating temperature. The effective thermal conductivity were estimated by

implementing (Corcione, M. 2011) semi-empirical model, as follow:

pc k

pem

10 0.03
T k
Kopem = Koo | 1+4.4Re% Pro®® [—;‘m J [—pJ 3% (3.32)

where Re and Pr represented the non-dimensional Reynolds number of nano-additives
enhanced nano-PCM and non-dimensional Prandtl number of pure paraffin,
respectively. The respective Reynolds number and Prandtl number were estimated using
the following equations:
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2 KgT
Re = M (3. 33)
ﬂ-lupcmdnp
C
Pr :—ﬂ"CE b.pem (3.34)

pcm

where kg and d,,,, represented the Boltzmann constant (1.38 x 102 J/K) and diameter
of nano-additive particle (m), respectively. Similarly, (Corcione, M. 2011) semi-
empirical model was implemented for computing dynamic viscosity of nano-PCM, as

follow:

/upcm
1-34.87(d,, /d o) *° 6,

/unpcm = (3 35)
where iy, and d,,, represented the dynamic viscosity of pure paraffin as a function
of temperature and equivalent diameter of pure paraffin, respectively. The dynamic
viscosity of paraffin as a function of temperature was calculated using following

relation (Kandasamy, R. et al. 2008):

1790

Upem = 0.001exp(—4.25 + ij) (3.36)

Also, the equivalent diameter of pure paraffin was calculated as follow:

1/3
dyom = 0.1 (W—W> (3.37)

TN APpcm,o

where Ny, My, and p,cm, represented the Avogadro number, molecular weight of

paraffin and density of paraffin at T,.,, = 20 °C, respectively.

3.2 Numerical simulations for LHS systems
The physical models, boundary conditions and computational procedure selected for
numerical simulations of charging and discharging cycles of LHS system will be

discussed in this section.

3.2.1 Physical models
As discussed earlier in section 2.3, thermal performance enhancement techniques
selected in this thesis included geometrical configuration of shell and tube heat

exchanger with extended surfaces based enhancement and nano-additives enhanced

49



Chapter 3 Numerical methodology

paraffin. Therefore, two physical models were developed for investigating novel design
solution for optimum thermal performance of LHS systems. First model was centred on
investigations of novel design solution of LHS systems based on geometrical
orientations of shell and tube heat exchanger with multiple passes and longitudinal fins
and second model was based on examinations of optimum thermal enhancement with

inclusion of nano-additives to base paraffin.

3.2.1.1 Physical model I — Geometrical configuration and extended surfaces

Geometrical configuration of heat exchanger to transfer thermal energy between
paraffin and HTF has pronounced impact on overall thermal performance of LHS
system. Therefore, in order to design a novel geometrical configured shell and tube heat
exchanger with longitudinal fins enhancement for efficient and responsive thermal
performance and easier integration to flat plate solar thermal system, several
geometrical orientations were simulated, as presented in Fig. 3. 3. Initially, trial and
error method was exercised to simulate various geometrical orientations of shell and
tube heat exchanger with various number of tube passes, their orientation in shell
container, longitudinal fins dimensions and their construction material to generate an
optimum geometrical design solution with capability of rapid charging in less than 10
hours and with least reduction to overall thermal storage capacity of LHS system. As a
result, a physical model based on novel geometrical orientation of shell and tube heat
exchanger with longitudinal fins were developed, as presented in Fig. 3. 4. Parametric
investigations were conducted for further enhancements in geometrical design

configuration.

( ( AR
L REINETES
ot/ Y

Case A Case B Case C

Fig. 3. 3 Various geometrical design configurations of shell and tube heat exchanger with longitudinal
fins (Khan, Z. et al. 2016b)
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385 mm

} 450 mm |

Fig. 3. 4 Physical model | - Proposed novel design of shell and tube heat exchanger with longitudinal fins

based LHS system (Khan, Z. and Khan, Z. A. 2017a)

Paraffin (RT44HC) was selected as thermal storage material that would be filled in shell
container and water was chosen as HTF that would flow in tubes of heat exchanger to
provide/extract thermal energy during charging/discharging cycles, respectively.

Thermo-physical properties of commercial grade paraffin (RT44HC) are listed in

Table. 3. 1.

Table 3. 1 Thermal and physical properties of commercial grade paraffin (RT44HC) and
nano-additives (Anon. 2017; Khan, Z. and Khan, Z. A. 2018)

Properties Base material Nano-additives
Paraffin AlyOs AIN GnP
Density (kg/m?) 800 (solid) 3500 3300 400
700 (liquid)
Thermal conductivity (W/m.K) 0.2 (solid) 36 180 3000
0.2 (liquid)
Specific heat capacity (kJ/kg. K) 2.0 0.765 0.74 0.643
Latent heat of fusion (kJ/kg) 255 - - -
Phase change temperature (°C) 42-44 - - -
3.2.1.2 Physical model 11 — Inclusion of nano-additives to base paraffin

To reduce computational and experimental cost, a relatively smaller shell and tube heat
exchanger was selected to investigate the thermal performance enhancement by

inclusion of nano-additives to base paraffin, as presented in Fig. 3. 5. The shell and
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tubes of heat exchanger were made of acrylic plastic and stainless steel, respectively.
The outer diameter, thickness and length of shell container were 60 mm, 5 mm and 185
mm, respectively. Likewise, the outer diameter and thickness of seven stainless steel
tubes were 6 mm and 1 mm, respectively. Nano-PCM samples were filled in shell
container, whereas water was directed to flow in the tubes to transfer heat, as illustrated
in Fig. 3. 5. Moreover, the thermo-physical properties of selected nano-additives are
listed in Table 3. 1.

Nano-PCM HTF tubes PCM
Inlet OD: 6 mm ID: 4 mm
=
|

[ /
T ! ]

i

—HTF Inlet—~ —HTF Outlet—»

f——>50 mm——
f———60 mm——|

BB -
.

77\ 185 mm

Zone A Zone B

(A)

(B)
Fig. 3. 5 Physical model Il - Shell and tube heat exchanger for nano-additives enhanced nano-PCM

(Khan, Z. and Khan, Z. A. 2018)

3.2.2 Initial and boundary conditions

During charging cycles for both physical models, the entire mass of paraffin was
assumed to be in complete solid state at initial temperature of 15 °C. As shown in Table
3. 1, the phase transition temperature of paraffin is 44 °C, therefore the initial
temperature of 15 °C ensured the solid phase of paraffin. Moreover, the tubes were
assigned various constant boundary temperatures, which had temperature gradient
between PCM and HTF ranged from 10 °C — 25 °C. Similarly, the exterior boundary of

shell was assumed to be under adiabatic condition.

During discharging cycles for both physical models, the entire computational domain of
paraffin were assumed to be in completely liquid state at initial temperature higher than
phase transition temperature. The selected initial temperature was 52 °C, which ensured

complete liquid phase of paraffin. Similarly, the various constant boundary
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temperatures for tubes were selected in the range of 5 °C — 20 °C, which could replicate

the municipal cold water temperature.

3.2.3 Computational procedure and discretisation of governing equations

ANSYS Fluent software was operated to discretise the governing equations for
computational models of LHS system. The design modeller of ANYSYS Fluent
software could be used for drawing the geometry of physical models, however the
proposed physical models in this thesis were drawn and developed in SolidWorks and
were imported in Fluent workbench. Fluent meshing tool was utilised for generating

fine meshing of complex geometry of physical models.

To reduce computational cost, parallel processing was implemented to utilise all 8
processors of the workstation. The transient computational models for melting and
solidification processes were simulated using pressure-based solver. The solution
pattern followed by pressure-based solver is illustrated in Fig. 3. 6. The governing
equations in melting and solidification processes were coupled to each other and
nonlinear in nature therefore, the solver computed various iterative solutions for all
governing equations for entire computational domain until solution convergence was
achieved. Similarly, pressure-implicit with splitting of operators (PISO) scheme was
implemented for pressure-velocity coupling in momentum equation. PRESTO! and
second order upwind schemes were implemented for spatial discretisation of pressure,
momentum and energy governing equations. Moreover, the absolute convergence
criterion was adopted with residual value of 10 for continuity, velocities and energy

equations.
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t=t+nAt <

—> Update Properties

Solve Momentum
Equation

!

Solve pressure—correction
(Continuity Equation)

!

Update mass, pressure and
velocity values

!

Solve Energy Equation

(T+U = u) das awi 1xau 0} BUBAPY

No Converged ?

Last time step ?

Fig. 3. 6 Flow diagram of solution procedure for transient computational model (Fluent, A. 2009)

To ensure accuracy of numerical simulation results, the mesh and time step

independency was examined by conducting a series of simulations for both physical
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models at varied mesh sizes and time steps, as given in Table 3. 2. It was noticed that
for physical model I, the mesh size and time step independency was achieved at 57861
and 1 min, respectively. Likewise, the mesh size of 27420 and time step of 0.1 s ensured
mesh and time step independency. The computational models for pure paraffin and
nano-additives enhanced nano-PCM was validated with experimental results, as
depicted in Fig. 3. 7. It was observed that numerical and experimental results are in
good agreement with mean absolute percentage error of 3.44% for pure paraffin and
2.53% for nano-PCM, respectively.

Table 3. 2 Mesh size and time step independency for physical model I. Phase transition interval
AT, for this case was set to 1 °C (Khan, Z. et al. 2016b)

Case  Mesh Numbers HTF temperature (°C) Time step (min) Melt time (min) Percent Error

| 28674 60 1 396 10.6

I 57861 60 1 443 -

1l 61932 60 1 441 0.45

v 57861 60 0.25 437 1.35

\Y 57861 60 0.5 452 2.03
55 -

50 -

45 -

Exp - Pure Paraffin - Zona A - Bottom

Temperature (°C)
w
(03]

25 | ( Num - Pure Paraffin - Zone A - Bottom
Exp - Al203 - 1% VF - Zona A - Top
20 ~ — - =Num - AI203 - 1% VF - Zona A - Top
15 T T T T
0 30 60 90 120
Time (min)

Fig. 3. 7 Validation of numerical and experimental results attained for physical model 11 during melting
process at inlet temperature of 52 °C (Khan, Z. and Khan, Z. A. 2018).
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Chapter 4 Numerical simulations results and discussions

This chapter provides detail discussion on the results acquired from simulation of
analytical and numerical models proposed in previous chapter for enhanced thermal
performance of LHS systems. Initially, the 1-dimenstional analytical models for simpler
geometries were simulated in MATLAB workspace to examine the influence of various
operating conditions and thermo-physical characteristics of paraffin on phase transition
rate and heat flux density of LHS systems. Subsequently, the numerical models for
physical model I and Il were simulated in ANSYS Fluent workbench to investigate the
influence of various design parameters and operating conditions on overall thermal
performance of proposed LHS system. This chapter will discuss the optimum design
solution for shell and tube heat exchanger with longitudinal fins configuration and
nano-additives enhanced paraffin as thermal storage material for improved thermo-
physical performance of LHS system. The literature in this chapter has been published
in the articles: “Parametric investigations to enhance thermal performance of paraffin
through a novel geometrical configuration of shell and tube latent thermal storage
system” by (Khan, Z. et al. 2016b) (refer to Appendix A — Paper Il), “Development in
paraffin based thermal storage system through shell and tubes heat exchanger with
vertical fins” by (Khan, Z. and Khan, Z. A. 2017a) (refer to Appendix A — Paper IlI)
and “Experimental and numerical investigations of nano-additives enhanced paraffin in
a shell and tube heat exchanger: a comparative study” by (Khan, Z. and Khan, Z. A.
2018) (refer to Appendix A — Paper VI).

4.1 Analytical models results

4.1.1 Stefan problem approach for 1-dimensional semi-infinite layer

The melting and solidification processes for 1-dimensional semi-infinite layer was
simulated to examine the impact of various hot/cold surface temperatures and time
intervals on melting/solidification front movement and charging/discharging heat flux
density, respectively. Fig. 4. 1 and Fig. 4. 2 represent the impact of various hot surface
temperatures on melting front movement and heat flux density during melting process.
It was observed that with an increase in hot surface temperature, the temperature
gradient increased which resulted in an increased melting front moment and therefore, a
larger portion of paraffin underwent phase transition from solid to liquid. As illustrated

in Fig. 4. 1, with an increase in hot surface temperature from 52 °C to 67 °C, the
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distance x covered by melting front away from hot surface was augmented from 16.80
mm to 26.56 mm by charging the system at constant surface temperatures for 4 hours.
Likewise, with an increase in temperature gradient by increasing hot surface
temperatures from 52 °C to 67 °C, the heat flux density after charging the system for 2
hours was augmented from 168.3 W/m?— 266.15 W/m?, respectively.

Time (hr)

| — "To- 200 )

B To =57 (deg C)

0 5 10 15 20 25 30
Distance x covered by melting front (mm)

Fig. 4. 1 Phase front movement away from hot surfaces during melting process at various time intervals
and hot surface temperatures

600
oo To=52 (deg C)
550
0\ — & -To=57 (deg C)
& 001 To =62 (deg C)
Eas0 -\ o To=
= . - - To=67(deg C)
=400 * v N
‘D \ 9,
S 350 \ N
© .-'. \ * . \
x ‘. .
= 300 \‘\\ \*
% 250 . . -~ S - — ®—
------ ~ o * -—9. —_—
200 e . ~o~__~.. —
""" ... Te-we<_ _
150 Bl ®en . & ---o
............. .‘
100
0.5 1 15 2 2.5 3 3.5 4
Time (hr)

Fig. 4. 2 Heat flux density with respect to varying hot surface temperatures and time intervals during

melting process
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Similarly, in solidification process, the distance covered by phase front away from cold
surface and heat flux density at various time intervals and operating temperatures are
illustrated in Fig. 4. 3 and Fig. 4. 4, respectively. It was observed that as the
temperature of cold surface was decreased from 20 °C to 5 °C, a higher temperature
gradient was generated and therefore, the amount of paraffin experiencing phase
transition from liquid to solid phase was increased, as well as the heat flux density. It
can be noticed from Fig. 4. 3 that with an increase in temperature gradient by reducing
the cold surface temperature from 20 °C to 5 °C, the distance covered by solidified front
away from cold surface was increased from 26.03 mm to 33.18 mm, after discharging
the system for 4 hours at constant surface temperatures. Likewise, the heat flux density
was improved from 260.76 W/m? — 332.42 W/m?, after discharging the system for 2

hours.

Therefore, it was concluded that the thermo-physical properties of paraffin (such as
thermal conductivity, latent heat capacity, density and phase transition temperature) and
operating temperature of hot surface or HTF demonstrated significant impact on phase

transition rate or phase front movement and heat flux density of LHS system.

I
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Fig. 4. 3 Phase front movement away from cold surfaces during solidification process at various time

intervals and surface temperatures
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Fig. 4. 4 Heat flux density during solidification process at various time intervals and surface temperatures

4.1.2 Energy balance method for shell and tube heat exchanger

In energy balance approach, the energy released by high temperature water during
melting process was assumed to be completely captured by paraffin in shell. The impact
of varying operating temperatures and mass flow rates of water on heat transfer
coefficient, overall heat transfer rate and phase transition rate were investigated by
implementing energy balance technique to simple shell and tube heat exchanger based

LHS system, as presented in Fig. 3. 2.

The influence of varying operating inlet temperatures of water on overall thermal
performance of paraffin in shell and tube heat exchanger is illustrated in Table 4. 1. It
was noticed that at constant mass flow rate, the thermo-physical characteristics of water
was influenced by increasing operating temperature and subsequently, the nature of
fluid flow (laminar or turbulent), thermal diffusion rate and mode of heat transfer
(conductive or convective) were influenced. Dynamic viscosity of water was decreased
due to increasing operating temperature of water from 52 °C — 67 °C and therefore, the
viscous forces were reduced as compared to inertial forces. Thus, the turbulent nature of
water flow was progressed. Similarly, due to an increase in specific heat capacity and
reduction in dynamic viscosity of water with an increasing operating temperature, the
viscous diffusion rate overcame thermal diffusion rate. Moreover, the heat transfer
coefficient was enhanced by 14.17% with an increase in operating temperature.

Furthermore, due to improved heat transfer coefficient, the rate of heat transfer between
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water and paraffin was considerably augmented from 954.402 W to 2446.559 W and

consequently, the total time required to melt paraffin in shell was reduced by 66.08%.

Table 4. 1 Influence of varying inlet temperature of HTF on melting process of paraffin in shell and

tube heat exchanger based LHS system

Inner diameter of HTF tube (m) 0.02

Outer diameter of HTF tube (m) 0.022

Running length (m) 6.72

Latent heat of paraffin (RT44HC) (J/Kg) 255000

Density of paraffin (kg/m?3) 800

Phase transition temperature of paraffin (°C) 44

Mass flow rate of water (kg/s) 0.02458

Inlet temperature of water (°C) 52 57 62 67
Dynamic viscosity of water (kg/s.m) 0.0005293 0.000488 0.0004517  0.0004197
Thermal conductivity of water (W/m.K) 0.645 0.651 0.656 0.660
Specific heat capacity of water (J/kg.K) 4182.22 4184.02 4186.12 4188.67
Reynolds number 2956.379  3206.581  3464.271 3728.405
Prandtl number 3.432 3.136 2.882 2.664
Nusselt number 19.907 20.677 21.446 22.212
Heat transfer coefficient (W/(m?.K)) 641.993 673.042 703.426 732.996
Outlet temperature of water (°C) 42.716 42.946 43.115 43.237
Heat transfer rate (W) 954.402 1445.325  1943.127 2446.559
Total melting time of paraffin (hr) 3.099 1.889 1.353 1.051

Likewise, the impact of varying mass flow rate of water on thermal performance of
paraffin in a shell and tube heat exchanger based LHS system is presented in Table 4. 2.
It was observed that at constant operating temperature, thermo-physical properties of
water remained unchanged with varying mass flow rate and therefore, the Prandtl
number remained constant. However, the inertial forces were significantly enhanced
with increasing mass flow rate and therefore, the turbulent nature of flow was improved,
which resulted in a higher convective heat transfer rate. As a result, the heat transfer
coefficient was significantly enhanced by a fraction of 74.66% with an increase in mass
flow rate from 0.02458 kg/s to 0.04936 kg/s. Due to higher heat transfer coefficient, the
heat transfer between water and paraffin was improved from 954.402 W to 1855.955 W.
Due to higher rate of heat transfer, the total time required to melt entire mass of paraffin

in shell was decreased by 48.56%.
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Table 4. 2 Influence of varying mass flow rate of HTF on melting process of paraffin in shell and

tube heat exchanger based LHS system

Latent heat of paraffin (RT44HC) (J/Kg) 255000

Density of paraffin (kg/m?3) 800

Phase transition temperature of paraffin (°C) 44

Inlet temperature of water (°C) 52

Dynamic viscosity of water (kg/s.m) 0.0005293

Thermal conductivity of water (W/m.K) 0.645

Specific heat capacity of water (J/kg.K) 4182.22

Prandtl number 3.432

Mass flow rate of water (kg/s) 0.02458 0.03290 0.04113 0.04936
Reynolds number 2956.379 3957.555 4946.943  5936.452
Nusselt number 19.907 25.138 30.051 34.771
Heat transfer coefficient (W/(m?.K)) 641.993 810.707 969.152 1121.357
Outlet temperature of water (°C) 42.716 42.831 42.927 43.009
Heat transfer rate (W) 954.402 1261.734 1560.771  1855.955
Total melting time of paraffin (hr) 3.099 2.344 1.895 1.594

Likewise, during solidification process, the influence of varying inlet temperature and
mass flow rate of water on thermal performance of paraffin in shell and tube heat
exchanger based LHS system is illustrated in Table 4. 3 and Table 4. 4, respectively. It
was observed that with a decrease in inlet temperature of HTF, the temperature gradient
between water and paraffin was augmented and therefore, the heat transfer coefficient
was improved and consequently, a relatively higher heat transfer rate was achieved to
extract thermal energy from paraffin by flowing water at constant flow rate. As
illustrated in Table 4. 3, the total solidification time was decreased by a fraction of
37.6% as the inlet temperature was reduced from 20 °C — 5 °C. Moreover, at constant
inlet temperature of 10 °C, an increase in mass flow rate demonstrated an increase in
heat transfer coefficient and as a result, the heat transfer rate was improved from 2654.2
W to 4993.9 W, as presented in Table 4. 4. Due to higher heat transfer rate, the total
solidification time for paraffin in shell was reduced by a fraction of 46.79% as the mass
flow rate was increased from 0.0249 kg/s to 0.0499 kg/s. Therefore, it was deduced
from energy balance technique that the operating temperature and mass flow rate of
water are critical parameters for designing an optimum thermal performance of LHS

system.
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Table 4. 3 Influence of varying inlet temperature of HTF on solidification process of paraffin in

shell and tube heat exchanger based LHS system

Latent heat of paraffin (RT44HC) (J/Kg)
Density of paraffin (kg/m?3)

Phase transition temperature of paraffin (°C)

Mass flow rate of water (kg/s)

Inlet temperature of water (°C)
Dynamic viscosity of water (kg/s.m)
Thermal conductivity of water (W/m.K)
Specific heat capacity of water (J/kg.K)
Reynolds number

Prandtl number

Nusselt number

Heat transfer coefficient (W/(m?2.K))
Outlet temperature of water (°C)

Heat transfer rate (W)

Total solidification time of paraffin (hr)

255000
700

42
0.0249

5
0.001507
0.579
4202.81
1055.654
10.939
12.366
358.027
33.227
2964.776
0.698

10
0.001298
0.587
4192.33
1225.818
9.269
13.264
389.237
35.334
2654.205
0.780

15
0.001134
0.595
4185.85
1403.411
7.975
14.125
420.249
37.049
2306.513
0.898

20
0.001004
0.603
4182.11
1585.001
6.961
14.947
450.685
38.438
1927.049
1.074

Table 4. 4 Influence of varying mass flow rate of HTF on solidification process of paraffin in shell

and tube heat exchanger based LHS system

Latent heat of paraffin (RT44HC) (J/Kg)
Density of paraffin (kg/m?3)

Phase transition temperature of paraffin (°C)

Inlet temperature of water (°C)
Dynamic viscosity of water (kg/s.m)
Thermal conductivity of water (W/m.K)
Specific heat capacity of water (J/kg.K)
Prandtl number

Mass flow rate of water (kg/s)
Reynolds number

Nusselt number

Heat transfer coefficient (W/(m?.K))
Outlet temperature of water (°C)

Heat transfer rate (W)

Total solidification time of paraffin (hr)

255000
700

42

10
0.001298
0.587
4192.33
9.269
0.0249
1225.818
13.264
389.237
35.334
2654.205
0.780

0.0333

1634.456

16.693

489.973

34.722

3453.636

0.599

0.0416
2043.046
19.955
585.728
34.236
4232.140
0.489

0.0499
2451.684
23.089
677.712
33.833
4993.994
0.415

62



Chapter 4 Numerical simulations results and discussions

4.2 Numerical models results

The numerical models discussed in section 3.1.2 were simulated for both physical
models | and 11 to propose an optimum design solution for an effective and responsive
LHS system. In first stage, the transient numerical simulations were conducted for
identification of optimum geometrical configurations of shell and tube heat exchanger
with multiple tube passes and longitudinal fins as extended surfaces for improved
thermal performance. Therefore, physical model | was investigated with pure paraffin as
thermal storage material at various operating conditions and with various affecting
geometrical parameters to produce an optimised design solution. In second stage, the
novel thermal storage material was proposed by conducting series of numerical
simulations on nano-additives enhanced paraffin in physical model 1l. In third stage, the
proposed design of novel shell and tube heat exchanger with extended longitudinal fins

and proposed nano-additives enhanced novel thermal storage materials was simulated.

4.2.1 First stage: Design solution of shell and tube heat exchanger for LHS system

In this stage, the trial and error method was implemented for identification of
geometrical orientation of shell and tube heat exchanger with multiple tube passes and
longitudinal fins with relatively better thermal performance. Likewise, the parametric
investigations were conducted based on geometrical dimensions of longitudinal fins,
construction material for shell, tubes and fins, and operating conditions to determine an

optimum design solution for LHS system.

4.2.1.1 Geometrical orientation of shell and tube heat exchanger

In order to reduce computational time, two dimensional transient numerical simulations
were conducted on various geometrical orientations to investigate the respective phase
transition rate of paraffin. Due to vertical orientations of shell and tube heat exchanger
(refer to Fig. 3. 4), the top view cross section was selected as geometrical computational
domain for numerical simulation. As might be expected that due to selection of top view
cross section, the effect of natural convection on phase transition rate was neglected.

The phase transition rates of paraffin in various geometrical configurations, which were
previously illustrated in Fig. 3. 3, were simulated at constant inlet temperature of 62 °C
to investigate the influence of various number of tube passes with longitudinal fins and
their positioning in shell container. The melting fraction of paraffin for each case of

geometrical orientation are illustrated in Fig. 4. 5. It was noticed that due to an increase
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in the number of tube passes from 9 to 21 for case A to C, the volume of paraffin in
shell container was compromised, however, the effective surface area for heat transfer

was significantly improved which had generated a higher phase transition rate.

Due to low thermal conductivity of paraffin, the geometrical orientation of tube passes
with longitudinal fins in shell container should be in uniform proximity to paraffin. It
was noticed that the geometrical positioning of tube passes in shell container was
widely apart in case A, which affected the uniformity of heat transfer across the shell
container. As a result, the melted fraction of paraffin was 65.75%, 95.45% and 99%
after charging at constant inlet temperature for 5 h, 10 h and 15 h, respectively.
Moreover, the effective surface area for heat transfer was improved by increasing the
number of tube passes from 9 to 12 for case B and consequently, the melted fraction of
paraffin was 71.85%, 96.07% and 99.5% after charging at constant inlet temperature for
4 h, 8 h and 12 h, respectively. Furthermore, the effective surface area for heat transfer
was increased by increasing number of tube passes to 21 for case C and therefore, the
melted fraction was 84%, 94.2% and 98.25% after charging for 3 h, 4 h and 5 h,
respectively. As illustrated in Fig. 4. 5, the phase transition rate of paraffin in case C
was significantly higher than case A and case B due to improved effective surface area
for heat transfer. Likewise, the increased number of tube passes with longitudinal fins
generated a dominant conduction heat transfer across the shell container (Khan, Z. et al.
2016b).

Likewise, the impact of longitudinal fins on phase transition rate of paraffin was
investigated by simulating geometrical orientation in case C with and without
longitudinal fins. It was deduced that phase transition rate of paraffin was significantly
improved by a fraction of 69.75% for longitudinal fins orientation as compared to no

fins orientation.
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Case B

Case A

Melting fraction

15 hr 12 hr S hr

Fig. 4. 5 Melting fraction of paraffin at various time intervals while charging at constant inlet temperature

of 62 °C. Phase transition interval AT,,. for this case was set to 1 °C (Khan, Z. et al. 2016b)

4.2.1.2 Geometrical dimensions of longitudinal fins

Following to the selection of case C as geometrical orientation for shell and tube heat
exchanger, the geometrical dimensions of longitudinal fins are crucial to the optimum
thermal performance enhancement of LHS system. Therefore, parametric investigations
were conducted to investigate the impact of longitudinal fins length and thickness on
phase transition rate and thermal storage capacity of LHS system. Moreover, heat
transfer from tubes to paraffin was kept constant at 62 °C and the phase transition

interval AT, was set to 0.1 °C.
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The impact of varying longitudinal fins length on phase transition rate is illustrated in
Fig. 4. 6. It was noticed that with an increase in fins length from 12.70 mm to 38.10
mm, the effective surface area for heat transfer was improved and therefore, a dominant
conduction heat transfer was generated. Similarly, in case of longitudinal fins length of
38.10 mm, a relatively better temperature distribution in shell container was generated.
As a result, the melting fraction of paraffin for all cases were recorded to be 64.34%,
82.80%, 92.06% and 96.86% after charging at constant inlet temperature for 2 h,
respectively. Therefore, it was concluded that the phase transition rate was significantly
enhanced by increasing longitudinal fins length. Likewise, an increase in fins length
from 12.70 mm to 38.10 mm had an insignificant impact on reduction in thermal

storage capacity, such as it reduced from 10.971 MJ to 10.762 MJ, respectively.
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Case (c): Fins length = 31.75 mm Case (d): Fins length =38.10 mm

Fig. 4. 6 Impact of longitudinal fins length on melting rate of paraffin in LHS system while charging at
constant inlet temperature of 62 °C. Phase transition interval AT, for this case was set to 0.1 °C (Khan,
Z.and Khan, Z. A. 2017a).
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Similarly, the influence of longitudinal fins thickness on phase transition rate and
thermal storage capacity of LHS system was examined by conducting parametric
investigations on fins thickness ranging from 1 mm to 4 mm, as shown in Fig. 4. 7.
Longitudinal fins length was set constant at 38.10 mm. It was noticed that with an
increase in fins thickness, the temperature distribution in shell container was improved
which resulted in relatively higher phase transition rate. The total time required to melt
entire mass of paraffin in shell container was reduced by a fraction of 22.68% by
increasing fins thickness from 1 mm to 4 mm. However, an increase in fins thickness
compromised the volume for paraffin in shell container and therefore, the thermal
storage capacity was reduced from 10.919 MJ to 10.292 MJ, respectively. Therefore, an
optimum geometrical length and thickness of 38.10 mm and 1.5 mm were determined.

Melting Fraction

Case (c): Fins thickness = 3 mm Case (d): Fins thickness =4 mm

Fig. 4. 7 Impact of longitudinal fins thickness on melting fraction of paraffin in LHS system while

charging at constant inlet temperature of 62 °C. Phase transition interval AT, for this case was set to 0.1
°C (Khan, Z. and Khan, Z. A. 2017a).
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4.2.1.3 Material for shell, tubes and fins

Low thermal conductivity of paraffin can be countered by employing shell and tube heat
exchanger with extended surfaces. However, the construction material of shell, tubes
and longitudinal fins of proposed geometrical orientation are crucial to optimum
enhancement in thermal performance of LHS system. Hence, numerical simulations
were conducted on number of commonly employed construction material such as steel,
cast iron, tin, nickel, aluminium and copper to investigate their influence on phase
transition rate of paraffin, as shown in Table 4. 5. It was noticed that materials with
higher thermal conductivity had significant enhancement in heat transfer rate and
therefore, the time required to completely melt paraffin in shell container was
significantly reduced. As presented, the phase transition time for aluminium and copper
was significantly reduced by a fraction of 21.61% and 23.68% as compared to steel.
Thus, copper and aluminium were considered as suitable construction materials for
shell, tubes and longitudinal fins. In this thesis, copper was employed as construction

material for shell, tubes and fins.

Table 4. 5 Impact of various construction materials on phase transition rate of paraffin in LHS system.

Phase transition interval AT,,. for this case was set to 1 °C (Khan, Z. et al. 2016b)

Thermal Percent Liquid Fraction Complete
Materials Conductivity (W/m.K) 2h 4h 6h 8h 10h  Melting Time (h)
Steel AISI 4340 44.5 63.92 85.23 9553 99.25 100 9.67
Cast Iron 50 65.06 86.23 96.19 99.46 100 9.34
Tin 67 67.30 87.69 97.30 99.71 100 8.92
Nickel 90 68.57 8832 97.78 99.85 100 8.75
Aluminium 6063 201 7277 9219 99.08 100 7.67
Aluminium 238 73.05 92.68 99.15 100 7.58
Copper 400 73.63 93.69 99.34 100 7.38

4.2.1.4 Impact of operating conditions

Following to selection of geometrical configuration and construction material for shell
and tube heat exchanger with multiple passes and longitudinal fins, the phase transition
rate and thermal storage capacity at various operating temperatures ranging from 52 °C
to 62 °C were simulated. It was noticed that with an increase in inlet temperature, the
temperature gradient between paraffin in shell and water as HTF in tubes was improved

which resulted in higher heat transfer rate. Hence, due to improved heat transfer, the
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phase transition rate was significantly enhanced. As presented in Fig. 4. 8, the melting
fraction of paraffin in shell container was recorded to be 86.71%, 97.84% and 99.9% for
inlet temperature of 52 °C, 57 °C and 62 °C, respectively. Furthermore, the sensible
portion of thermal energy was significantly boosted with an increase in inlet
temperature and as a result, the overall thermal storage capacity of LHS system was
augmented from 10.16 MJ to 11.06 MJ as the inlet temperature was raised from 52 °C
to 62 °C, respectively.
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Fig. 4. 8 Phase transition rate of paraffin at various time intervals and inlet temperatures. Phase transition
interval AT,,. for this case was set to 0.1 °C (Khan, Z. and Khan, Z. A. 2017a).

4.2.1.5 Influence of natural convection

As mentioned earlier, the numerical simulation conducted on the selected top view cross
section of vertical shell and tube heat exchanger did not account for the influence of
natural convection on melting process of paraffin in vertical direction. Thus, in order to
examine the influence of natural convection on temperature distribution and phase

transition rate of paraffin in vertical direction, a three dimensional transient numerical
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simulation was conducted at constant inlet temperature of 62 °C. Due to computational
complexity of transient numerical simulation in a three dimensional computational
domain, a small section of shell was selected as computational domain to reduced
computational cost and time, as illustrated in Fig. 4. 9. Paraffin in selected section was
subjected to constant wall temperature at pipe surfaces and longitudinal fins surfaces, as

presented with red colour in Fig. 4. 9.

Plane B

Plane A

HTF Pipe
Surface

Longitudinal
Fins Surface

Volume of paraffin in
selected section

Fig. 4. 9 Selected section in shell container as computational domain for 3-dimensional transient
simulation to examine impact of natural convection on vertical temperature distribution and melting rate.

Red colour surfaces demonstrate constant wall temperature of 62 °C.

It was deduced that natural convection had significant influence on phase transition rate
and temperature distribution in vertical direction due to upward rise of high temperature
paraffin molecules, as presented in Fig. 4. 10 and Fig. 4. 11. It was noticed that
conduction was the dominant mode of heat transfer at initial stages of melting process.
However, as the paraffin melted at locations nearer to tube surface and longitudinal fins,
the buoyant forces in liquid portion of paraffin started to overcome the viscous forces
and thus an upward rise of high temperature molecules were recorded. During this
stage, the natural convection was noticed as the dominant mode of heat transfer. The
accumulation of high temperature liquid paraffin molecules at the top portion of shell
container resulted in a relatively higher phase transition rate of paraffin. Subsequently,

as the entire mass of paraffin was melted at top portion of shell container, the liquid
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paraffin molecules transferred thermal energy to solid paraffin at central portion of shell
container. However, due to upward rise of high temperature molecules, the heat transfer
rate at central and bottom portion were relatively lower and consequently, the phase
transition rate was comparatively slow. Hence, it was observed that natural convection
was crucial for thermal performance of LHS system and therefore, the dynamic
viscosity of paraffin at various temperatures had significant influence on phase
transition rate and temperature distribution. Moreover, it was verified that the proposed
design of vertical shell and tube heat exchanger with longitudinal fins had not

interrupted the buoyance driven natural convection during melting process.
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Fig. 4. 10 Melting fractions and temperature contours of paraffin at plane A during various time intervals

of melting process at constant inlet temperature of 62 °C. Phase transition interval AT,,. was set to 0.1 °C.
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Fig. 4. 11 Melting fractions and temperature contours of paraffin at plane B during various time intervals

of melting process at constant inlet temperature of 62 °C. Phase transition interval AT,,. was set to 0.1 °C.

As discussed earlier, the phase transition temperature interval AT, significantly
influence the phase transition rate. Parametric investigations of AT, were conducted to
identify an appropriate value for accurate numerical simulation results, as presented in
Fig. 4. 12. It was observed that as the value for AT, was increased, the phase transition
rate was underestimated and vice versa. For instance, the time required to completely
charge the paraffin at bottom position of selected section was 2.57 h, 3.78 h and 4.08 h
for AT,. value of 0.025, 0.1 and 1, respectively. Therefore, for accurate prediction of

melting/solidification front, phase transition rate and temperature distribution, the
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numerical simulations results should be compared to experimental results for each

simulation scenario to identify accurate value for AT,,.
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Fig. 4. 12 Impact of phase transition temperature interval AT,,. on transient temperature profiles of paraffin

at bottom position of selected section. The inlet temperature was kept constant at 62 °C.

4.2.2 Second stage: Novel nano-additive enhanced thermal storage materials

It was observed in previous section that the thermal performance of paraffin in shell and
tube heat exchanger with multiple passes and longitudinal fins was significantly
enhanced due to improved surface area for heat transfer, vertical orientation of
longitudinal fins to support buoyancy driven natural convection and optimal positioning
of tube passes and longitudinal fins to create better thermal distribution in shell
container. However, the overall thermal performance could be further enhanced by
incorporating high thermal conductive nano-additives to base paraffin. In this stage, the
governing equations and mathematical formulations for nano-PCM were discretised and
solved by considering nano-additives enhanced paraffin in physical model Il of shell
and tube heat exchanger as computational domain. Transient numerical simulations
considered the influence of natural convection, material of nano-additives, their
concentration and particle size on phase transition rate, temperature distribution and

overall enthalpy of LHS system.

73



Chapter 4 Numerical simulations results and discussions

4.2.2.1 Influence of nano-additives on thermo-physical properties

The impact of various concentrations of aluminium oxide (Al.Oz), aluminium nitride
(AIN) and graphene nano-platelets (GNP) nano-additives on thermo-physical properties
were computed by implementing mathematical formulations for nano-PCM, as
presented in Table 4. 6. The selected range of volume concentration of nano-additives
were 1%, 2%, 3%, 4% and 5%.

Thermo-physical properties of nano-additives have significant influence on overall
thermo-physical performance of nano-PCM samples. It was noticed that as the volume
concentration of nano-additives were increased, the effective density of nano-PCM
sample for Al,Os and AIN nano-additives were increased due to relatively higher
density of nano-additives as compared to base paraffin. However, due to smaller density
of GNP nano-additives, the effective density of nano-PCM samples were reduced. In
case of Al,Os and AIN nano-additives samples with 5% volume concentration, the
effective density of nano-PCM samples were increased by 20% and 18.57% as
compared to base paraffin, respectively. Likewise, in case GNP, the effective density of
nano-PCM samples with 5% volume concentration were reduced by 2.14% as compared
to base paraffin. Due to constant volume of shell container, the overall weight of LHS

system was increased with an increase in density of nano-PCM samples.

Moreover, the effective specific heat capacity and latent heat were significantly
influenced by thermo-physical properties of nano-additives. It was noticed that with an
increase in volume concentration of nano-additives, the specific heat capacity and latent
heat of nano-PCM samples were reduced, as illustrated in Table 4. 6. The impact of
Al>03 and AIN nano-additives were more pronounced as compared to GNP. In case of
Al;03 and AIN nano-PCM samples with 5% volume concentration, both specific heat
capacity and latent heat were reduced by a fraction of 20.82% and 19.87% as compared
to base paraffin, respectively. However, an insignificant reduction of 2.91% were
noticed for GNP based nano-PCM. Therefore, GNP based nano-PCM samples were

recommended for light weight and higher thermal capacity applications.

Similarly, the effect of nano-additives material, volume concentration and particle size
on effective dynamic viscosity and thermal conductivity of nano-PCM were examined,
as presented in Fig. 4. 13. Dynamic viscosity and thermal conductivity are equally

crucial to natural convection, phase transition rate, temperature distribution and overall
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thermal performance of thermal storage material in LHS system. It was noticed that
with inclusion of nano-additives, the effective dynamic viscosity and thermal
conductivity were significantly improved as compared to base paraffin. However, due to
relatively smaller particle size of GNP nano-additives, the enhancement in dynamic
viscosity of GNP based nano-PCM samples were more significant as compared to
Al>;0O3 and AIN based samples. Similarly, due to relatively higher thermal conductivity
of GNP nano-additives, the enhancement in effective thermal conductivity was noticed
to be higher as compared to Al2O3 and AIN based samples. However, an increase in
dynamic viscosity have adverse effects on natural convection, which could weaken the

significance of improved thermal conductivity on phase transition rate.
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Fig. 4. 13 Influence of nano-additives and varied volume fractions on dynamic viscosity and thermal
conductivity of nano-PCM samples (A) Al;Os, (B) AIN and (C) GNP (Khan, Z. and Khan, Z. A. 2018).
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Table 4. 6 Impact of various concentrations of nano-additives on thermo-physical properties of nano-

PCM

Volume of shell container (m?) 0.0003

Base material Paraffin (RT44HC)

Density of paraffin (kg/m?3) (Solid) 800

Density of paraffin (kg/m?®) (Liquid) 700

Specific heat capacity of paraffin (J/kg. K) 2000

Latent heat (kJ/kg) 255

Nano-additive material Al203

Density of nano-additive (kg/mq) 3500

Specific heat capacity of nano-additives (J/kg. K) 765

Percent volume concentration 1% 2% 3% 4% 5%
Density of nano-PCM (Solid) 827 854 881 908 935
Density of hano-PCM (Liquid) 728 756 784 812 840

Specific heat capacity (J/kg.K) (Solid)
Specific heat capacity (J/kg.K) (Liquid)
Latent heat (kJ/kg) (Solid)

Latent heat (kJ/kg) (Liquid)

191537 1836.08 1761.66 1691.66 1625.71
1903.86 1814.84 173217 1655.21 1583.38
244207 234.098 224.608 215.682 207.272
242.740 231.388 220.848 211.034 201.875

Nano-additive material

Density of nano-additive (kg/mq)

Specific heat capacity of nano-additives (J/kg. K)
Percent volume concentration

Density of nano-PCM (Solid)

Density of nano-PCM (Liquid)

Specific heat capacity (J/kg.K) (Solid)

Specific heat capacity (J/kg.K) (Liquid)

Latent heat (kJ/kg) (Solid)

Latent heat (kJ/kg) (Liquid)

AIN

3300

740
1% 2% 3% 4% 5%
825 850 875 900 925
726 752 778 804 830

1920.01 1844.72 1773.74 1706.70 1643.28
1909.10 1824.49 174553 1671.68 1602.45
244.800 235.200 226.149 217.600 209.514
243.409 232.620 222551 213.134 204.307

Nano-additive material

Density of nano-additive (kg/m?)

Specific heat capacity of nano-additives (J/kg. K)
Percent volume concentration

Density of nano-PCM (Solid)

Density of nano-PCM (Liquid)

Specific heat capacity (J/kg.K) (Solid)

Specific heat capacity (J/kg.K) (Liquid)

Latent heat (kJ/kg) (Solid)

Latent heat (kJ/kg) (Liquid)

GNP

400

643
1% 2% 3% 4% 5%
796 792 788 784 780
697 694 691 688 685

1989.96 1979.81 1969.57 1959.22 1948.76
1988.53 1976.96 1965.30 1953.53 1941.65
253.719  252.424  251.117 249.796 248.462
253.537 252.061 250.572 249.070 247.555
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4.2.2.2 Thermal performance of nano-PCM samples

Prior to conducting transient thermal performance of nano-PCM samples in shell and
tube heat exchanger as presented in physical model 11, the base paraffin was initially
simulated at various inlet temperatures of 47 °C, 52 °C and 57 °C to produce a reference

line for comparison, as presented in Fig. 4. 14.
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Fig. 4. 14 Melting fraction (left side) and temperature contours (right side) of base paraffin at various inlet
temperatures in physical model Il of shell and tube heat exchanger (Khan, Z. and Khan, Z. A. 2018).

During melting process, the heat transferred between HTF and paraffin in shell
container was initially dominated by conduction heat transfer. Paraffin started melting
around the surface area of HTF tubes. With an increase in melted fraction of paraffin
around the HTF tubes, an upward rise of high temperature paraffin molecules were
noticed and therefore, natural convection started dominating the heat transfer between
HTF and paraffin in shell container. Due to upward rise of high temperature paraffin
molecules, the phase transition rate of paraffin at top portion of shell container was

relatively higher as compared to bottom portion, as illustrated by liquid fraction and
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temperature contours in Fig. 4. 14. Moreover, it was observed that an increase in inlet
temperature of HTF had significantly improved the phase transition rate and sensible
portion of thermal energy storage. For instance, the phase transition rate was improved
by a fraction of 56.96% and 72.60% as the inlet temperature of HTF was increased from
47 °C to 52 °C and 57 °C, respectively. Similarly, due to an increase in sensible portion
of thermal energy, the overall enthalpy of system was improved from 299 kJ/kg to 309
kJ/kg and 310 kJ/kg, respectively.

After simulating pure paraffin in physical model Il, the transient simulations of nano-
PCM samples were conducted. Fig. 4. 15 illustrate the influence of various volume
concentrations of nano-additives on temperature contours and overall thermal storage
enthalpy of LHS system. It was noticed that while charging at constant inlet temperature
of 52 °C, the temperature contours for Al203, AIN and GNP based nano-PCM samples
had presented a small variation. This was in contradiction to higher thermal
conductivity of GNP based nano-PCM samples. However, the reason behind was the
relatively higher dynamic viscosity of GNP based nano-PCM samples which weakened
the influence of natural convection on phase transition rate and temperature distribution.
As a result, the temperature distributions for all samples were presenting small variance.
Whereas, due to relatively higher specific heat capacity, higher latent heat and lower
density of GNP based nano-PCM samples, the total enthalpy of the samples were
relatively higher as compared to Al,O3 and AIN based samples.

For controlled volume, the overall thermal storage capacity of LHS system would be
reduced with an inclusion of nano-additives, due to occupancy of volume by nano-
additives. Therefore, as compared to pure paraffin, the nano-additives enhanced samples
would present a reduction in overall enthalpy of the system. The enthalpy of pure
paraffin at 52 °C was recorded to be 309 kJ/kg. As presented in Fig. 4. 16, with an
inclusion of 1% volume concentration of Al,Oz, AIN and GNP nano-additives, the
overall enthalpy of the system was reduced by 4.75%, 4.46% and 0.55% as compared to
pure paraffin, respectively. Similarly, in case of 5% volume concentration, the reduction
was noticed to be 20.58%, 19.64% and 2.88%, respectively.

To conclude, GNP based nano-additives were recommended for thermal performance
enhancement due to their lower effective density, higher specific heat capacity, higher

latent heat and higher overall enthalpy of LHS system. Also, it was observed that Al.O3
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and AIN based nano-PCM samples had presented relatively higher phase transition rate
as compared to pure paraffin, however due to significant increase in weight and
reduction in thermal storage capacity, the widespread practical utilisation could be
affected.
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Fig. 4. 15 Total enthalpy (left side) and temperature contours (right side) of nano-PCM samples attained
after charging for 0.5 h at constant inlet temperature of 52 °C (Khan, Z. and Khan, Z. A. 2018).
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Fig. 4. 16 Impact of varying volume fraction of nano-additives materials on overall enthalpy of LHS
system

4.2.3 Third stage: Coupled thermal performance enhancement with longitudinal
fins and nano-PCM

In third stage, the proposed novel design solution for shell and tube heat exchanger (first

stage) with nano-additives enhanced thermal storage material (second stage) was

simulated to examine coupled thermal performance enhancement of LHS system. This

section is discussed in detail in Chapter 7.
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Chapter 5 Experimental methodology

This chapter discuss the details regarding experimental methodology adopted to
examine the thermal performance enhancement of novel design solution for shell and
tube heat exchanger and nano-additives enhanced paraffin based LHS system.
Experimental methodology was divided into two stages. In first stage, based on
numerical simulations conducted in chapter 4, the proposed novel design solution of
shell and tube heat exchanger with multiple tubes passes and longitudinal fins was
developed, commissioned and experimented at various operating conditions generated
with a connection to flat plate solar collector. A series of charging and discharging
cycles of paraffin in the novel design of shell and tube heat exchanger were
experimented at varied operating conditions. In second stage, various samples of nano-
additives enhanced paraffin were developed and experimented for enhanced thermal
performance at varied operating conditions. This chapter summarises the literature that
has been published in the articles: “Experimental investigations of charging/melting
cycles of paraffin in a novel shell and tube with longitudinal fins based heat storage
design solution for domestic and industrial applications” by (Khan, Z. and Khan, Z. A.
2017c) (refer to Appendix A — Paper IV), “An experimental investigation of
discharge/solidification cycle of paraffin in novel shell and tube with longitudinal fins
based latent heat storage system.” by (Khan, Z. and Khan, Z. A. 2017b) (refer to
Appendix A — Paper V) and “Experimental and numerical investigations of nano-
additives enhanced paraffin in a shell and tube heat exchanger: a comparative study.” by

(Khan, Z. and Khan, Z. A. 2018) (refer to Appendix A — Paper VI).
5.1 First stage: Novel design solution of shell and tube heat exchanger

5.1.1 Testing room and experimental procedure

The proposed shell and tube heat exchanger based LHS system was developed and
connected to flat plate solar collector to examine at various operating conditions in a
testing room, as illustrated in Fig. 5. 1. The testing room was consisting of two sections.
The two sections for flat plate solar collector and solar simulator to generate required
temperature conditions and another section for thermal storage system were separated
by an inner partition wall. The outer walls of testing room were built of strong and thick

insulating boards to create controllable operating conditions and testing environments
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for comparative analysis. Testing room was also equipped with ventilating fan to

generate a free or forces convection environment over solar collector.

The schematic of experimental layout for charging and discharging cycles on paraffin in
shell and tube heat exchanger is presented in Fig. 5. 2. The experimental setup was
comprised of flat plate solar collector, solar simulators, latent heat storage tank,
circulation centrifugal pump, connections to municipal/building water tank, flow
meters, thermocouples and data acquisition unit with computer. LHS tank included shell
and tube heat exchanger with paraffin as thermal storage material in shell container and
water as HTF in tubes.
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During charging cycles, the entire loop of tubes was initially filled up with water by

Fig. 5. 1 Schematic illustration of experimental setup in testing room

connecting it to building water supply through control valve 1 and the water was
drained out through control valve 4. Through this procedure, the air trapped in the tubes
along the whole system loop was released by switching on air release valve (not
mentioned in Fig. 5. 2) and also, a constant initial temperature of about 10 °C was
generated, which provided a good baseline temperature for all experimental cycles. The
drainage was stopped by turning off control valve 4 and subsequently, the water from
building water tank was turned off by control valve 1. In order to start the charging
cycle, control valve 2 and 3 were operated and adjusted to generate a required constant

flow rate in range of 1.5 I/min to 3.0 I/min. Solar simulators were utilised to generate
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radiations heat output which was converted into thermal energy and transferred into
water in flat plate solar collector. High temperature water was then directed to pass
through the tubes passes in LHS tank, where thermal energy was transferred to paraffin.
The low temperature water at outlet of LHS tank was pumped back to flat plate solar
collector. The close loop was operated until all thermocouples in LHS tank logged

temperature readings higher than phase transition temperature of paraffin.

During discharging cycles, control valve 2 and 3 were switched off and control valve 1
and 4 were operated to direct low temperature water from building water tank through
tube passes in LHS tank to extract thermal energy from paraffin. Flat plate solar
collector and centrifugal pump remained idle during discharging cycle. Control valves
1 and 4 were adjusted to generate a required flow rate in range of 1.5 I/min to 3.0 I/min
for discharging cycles. The low temperature water from building water tank were
circulated in tube passes to extract thermal energy from paraffin and therefore, the high
temperature water at outlet of LHS tank could be utilised for desirable practical
applications. This open loop discharging cycle was operated until all thermocouples in
LHS tank logged temperature reading lesser than phase transition temperature of
paraffin and the temperature gradient between inlet and outlet temperature of water is
less than 5 °C.
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Fig. 5. 2 Experimental layout for conducting charging and discharging cycles of proposed LHS unit
(Khan, Z. and Khan, Z. A. 2017c)
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5.1.2 Thermal storage system components

The components comprising thermal storage system are detailed in this section.

5.1.2.1 Flat plate solar collector and solar simulator

The solar collector and simulator setup utilised in this research was previously designed,
developed and commissioned with and without glazing configuration by (Wen, Z. 2016)
and employed in ORC for generation of heat and electricity by (Helvaci, H. U. 2017).
Solar collector was consisting of glazing cover, stainless steel absorber, serpentine
copper tubing for water circulation system and insulation. Glazing cover was prepared
from 2 mm thick transparent glass sheet for dampening convection and radiation heat
losses from solar collector. Transmittance and emissivity of glazing cover were 0.9 and
0.92, respectively. Similarly, stainless steel S280 sheet of 1 mm thickness was
employed as absorber and to attain higher absorptivity, the absorber sheet was painted
to dark black surface. Absorptivity, emissivity and thermal conductivity of absorber
sheet were 0.9, 0.9 and 50 W/m.K, respectively. Likewise, serpentine copper tubing was
utilised for water circulation in solar collector to extract thermal energy from absorber
sheet. Outer diameter, thickness and running length of copper tubing were 10 mm, 1
mm and 57.5 m, respectively. Moreover, Celotex sheets were used for insulating the
back and sides of solar collector to reduce thermal losses. The thickness and thermal

conductivity of insulating sheets were 100 mm and 0.022 W/m.K, respectively.

Solar simulator was employed to provide steady thermal energy to solar collector
through radiations. It was consisting of two lightening machines with each of them
equipped with six quartz-halogen lamps and each lamp was able to radiate 1 kW heat
output. In order to identify an optimum distance of solar simulator from solar collector
to cast constant radiations at each point on solar collector, a pyranometer was operated
and a distance of 2 m was identified. Moreover, solar simulators had an inbuilt control
system for adjusting required radiance heat output and operation time of experiment.
Due to close loop operation of charging cycles, the outlet temperature of HTF from
solar collector would consistently increase therefore, the solar simulators were manually
operated to emit required heat output for sustaining constant outlet temperature of HTF
from solar collector. The solar collector and solar simulator setup in testing room for
generation of controllable operating conditions and testing environments is illustrated in
Fig. 5. 3.
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Fig. 5. 3 Pictorial representation of solar collector and solar simulator setup in testing room

5.1.2.2 Shell and tube heat exchanger

During charging cycles, the high temperature HTF from solar collector was directed to
pass through tube passes in shell and tube heat exchanger to transfer thermal energy to
paraffin in shell container. The proposed design of shell and tube heat exchanger with
multiple passes and longitudinal fins (see Fig. 3. 4) was developed by implementing

following steps:

Step 1: To begin with, the copper pipe with outer diameter and thickness of 22 mm and
1 mm was cut into 21 pieces, using pipe reamer, with each piece having a length of 1
feet. After that, a wooden mould was made to accurately hold the copper pipe and
copper longitudinal fins for soldering, as illustrated in Fig. 5. 4. The length, thickness
and height of longitudinal fins were 40 mm, 1.5 mm and 230 mm, respectively.

85



Chapter 5 Experimental methodology

Wooden mould

Fig. 5. 4 Step 1: Wooden mould to hold copper pipe and longitudinal fins at right accurate position

Step 2: In next step, the copper pipe and longitudinal fins were soldered using flux
material to avoid oxidation, lead free wire (BS EN 29453) as filler and MAPP gas torch
to bond both metals. Likewise, the fittings to link tube passes in shell container were
carefully soldered to avoid any future leakages. Pictorial depiction of tube passes and

fittings are given in Fig. 5. 5.

Soldered copper tube and longitudinal fins Fittings to link tube
passes

Fig. 5. 5 Step 2: Soldered copper tube with longitudinal fins and fittings to link tube passes

Step 3: The top view of proposed design of shell and tube heat exchanger was printed
on a wooden frame and was precisely cut to accurately position tube passes before
soldering the fittings to relevant tube passes. In such manner, the entire geometry of
tube passes were linked through fittings, as presented in Fig. 5. 6.
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Wooden frame Placement of tube passes in Soldering fittings to relevant tube
wooden frame passes

Fig. 5. 6 Step 3: Placement of tube passes in wooden frame and soldering fittings to create proposed tube

passes pattern in shell container

Step 4: Finally, the tube passes and longitudinal fins geometry was placed in the shell
container and connections to inlet and outlet were made, as presented in Fig. 5. 7. Shell
container was made of copper with the outer diameter, thickness and height of 450 mm,
1 mm and 385 mm, respectively. The outer surface of shell container was properly
insulated with chlorofluorocarbon-free envirofoam of 50 mm thickness to lessen

thermal losses and reduce the influence of surrounding conditions.

Prior to pouring liquid paraffin in shell container, leak tests were conducted to examine
any leakage as otherwise the thermo-physical properties of the system could be affected.
Joints and elbows were given special attention due to their high prone to leakage. Air
compressor was connected to inlet of LHS tank and both control valves 1 and 2 (see Fig
5. 2) were turned off to generate high pressure of 4 bar within tube passes. Foamy leak
detector was applied to joints and elbows but no leakage was detected. Similarly, in
order to cross examine, pressurised water was pumped into tube passes and was left for
48 hours to spot any leakage at the bottom of LHS tank. No leakage was detected in
water leak test either. After leak tests, liquid paraffin (RT44HC) was poured in shell
container. Due to density variation of liquid and solid phases of paraffin, the volume of
paraffin slightly shrunk as it solidified. Shell container lid was placed and sealed to
avoid heat losses and influence of ambient conditions on thermal performance of LHS
system. Furthermore, the detailed specifications of shell and tube heat exchanger are
illustrated in Table 5. 1.
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Fig. 5. 7 Step 4: Pictorial representation of developed proposed design of shell and tube heat exchanger.

Table 5. 1 Detailed specification of proposed design of shell and tube heat exchanger based LHS system

(Khan, Z. and Khan, Z. A. 2017c)

Total volume of shell Vs 60.7E+06
Running length of tube 8.2
Volume occupied by tube V7 3.12E+06
Surface area of longitudinal fins 1.43E+05
Volume occupied by fins Ve 1.05E+06
Volume of LHS unit Vins=Vs—Vr— Ve 56.5E+06
Mass of paraffin 40

0.824

Packing factor of PCM
Vi 0.942

mm?
m

mm?
mm?
mm3
mm3
kg

solid

liquid

5.1.2.3 Centrifugal pump

During charging cycles, the high temperature water as HTF at outlet of solar collector

was directed to pass through the tube passes in shell and tube heat exchanger to transfer

thermal energy to paraffin in shell container. Therefore, the temperature of water

dropped as thermal energy was transferred to paraffin. In order to complete the charging

cycles, a close loop operation was adopted to pump water back to solar collector to gain

thermal energy and transfer it to paraffin in shell and tube heat exchanger. Centrifugal

pump was employed to circulate water in the close loop operation of charging cycle, as

presented in Fig. 5. 8.
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Fig. 5. 8 Pictorial representation of centrifugal pump employed in charging cycle to circulate water

between solar collector and LHS unit.

5.1.2.4 Measuring components and data acquisition system

In order to examine thermal performance of paraffin in LHS unit at varied flow rates,
the experimental investigations were conducted by adjusting respective control valve
(see Fig. 5. 2) during charging/discharging cycles to generate a required constant flow
rate. Turbine flow meter (Titan FT2 Hall Effect) was installed to measure the constant
flow rates, which had a flow range of 0.60 I/min to 10 I/min and accuracy of 1.0%, as
illustrated in Fig. 5. 9.

Fig. 5. 9 Picture of Titan FT2 Hall Effect turbine flow meter

To examine thermal performance of paraffin in shell container during charging and
discharging cycles, fifteen thermocouples were installed at five selected zones within
shell container and at three vertical positions at each zone. Five selected zones were
sections in shell container closer to inlet (A), centre (C), container boundaries (B and D)

and outlet (E), as shown in Fig. 3. 4. Also, the three selected vertical positions were top,
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central and bottom, which were at 115 mm distance to each other. Thermocouples were
also installed at copper tube at inlet and outlet of LHS unit to record transient
temperature response of HTF. Thermocouples used were K-type with an accuracy of +
0.18%. Similarly, in order to measure irradiance on flat plate solar collector during
charging cycles, pyranometer (Kipp & Zonen CMP3) was utilised, as presented in Fig.
5. 10. The spectral range of pyranometer was between 300 nm to 2800 nm and the

ability to measure solar irradiance was up to 2000 W/m?,
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Fig. 5. 10 Photograph of Kipp & Zonen CMP3 pyranometer (Source: Kipp & Zonen)

Turbine flow meter and thermocouples data were recorded and logged in computer with
a help of data acquisition unit (Agilent 34972A), as shown in Fig. 5. 11. Agilent
software was operated in computer to record the flow rate and temperature data at time
step of 10 s. Agilent data acquisition unit was also capable of measuring and converting

various DC/AC volts, DC/AC currents and frequencies.

r, ~

34 Agilent ?ﬁghlZA

Data Acquisition / Switch Unit

S

Fig. 5. 11 Agilent 34972A data acquisition unit.
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5.2 Second stage: Nano-additives enhanced paraffin

In second stage of experimental methodology, the nano-additives enhanced paraffin
samples were prepared and investigated at varied operating conditions in shell and tube
heat exchanger.

5.2.1 Experimental procedure

In order to examine thermal performance of various nano-additives enhanced paraffin
samples in an actual shell and tube heat exchanger, an experimental step was formulated
as illustrated in Fig. 5. 12. Experimental setup included a water tank with electric
heater, shell and tube heat exchanger, nano-additives enhanced paraffin samples as
thermal storage materials, centrifugal pump for circulation of water, manual flow
control valves, connections to building/municipal water supply and a versatile data
acquisition system (VDAS) with computer. To reduce experimental time and cost, the
flat plate solar collect and proposed shell and tube heat exchanger with longitudinal fins
were replaced with water tank with electric heater and horizontal shell and tube heat
exchanger with shell container volume of 300 ml. A digital temperature controller was
operated to control electric heater in water tank for ensuring constant inlet temperature

of water.

Municipal water supply

— !
X

3-way valve

Water tank with
electric heater

" - ——
Z Computer
\

.

Flow valve |

L1

Centrifugal pump Shell and tube heat exchanger Drain

Fig. 5. 12 Schematic layout of experimental setup for second stage investigations of nano-PCM samples
(Khan, Z. and Khan, Z. A. 2018)

Prior to conducting charging cycles, the municipal water was circulated in tubes to

generate a constant initial temperature of nano-additives enhanced paraffin sample in
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shell container and to produce a baseline for comparison. In meantime, the digital
temperature controller for electric heater was set to required inlet temperature of water.
As the required temperature in water tank was established, the centrifugal pump was
turned on to circulate high temperature water from water tank to through the tubes of
heat exchanger. Thermal energy was transferred from high temperature water in tubes to
nano-additives enhanced paraffin samples in shell container. Water at outlet of heat
exchanger was guided back to water tank to complete a close loop operation of charging
cycles and to reduce electric heater cost. Similarly, the charging cycles were examined
at three varied inlet temperatures of 47, 52 and 57 °C. Moreover, the manual operated
control valves were regulated to create a required volume flow rate for charging cycles
in the range of 1.5 I/min — 3 I/min. The charging cycles were completed with all
thermocouples in shell container registering temperature value higher than phase

transition temperature of paraffin.

Prior to discharging cycles, the initial temperature of paraffin samples were raised to
maintain a constant temperature of 50 °C to produce a baseline for all discharging
cycles. As illustrated in Fig. 5. 12, the 3-way valves were adjusted to exclude water tank
with electric heater and centrifugal pump, and to direct the low temperature water flow
from municipal through the tubes in heat exchanger to drain or could be used for
desirable practical application. Low temperature water extracted thermal energy from
paraffin samples in shell container and therefore, solidification of paraffin samples were
started. This open loop operations of discharging cycles were completed once all
thermocouples in shell container registered temperature values lesser than phase

transition value.

5.2.2 Thermal storage system components
The components comprising thermal storage system in second stage are discussed in

this section.

5.2.2.1 Nano-PCM samples preparation

To prepare a novel nano-additives enhanced paraffin for optimal thermal performance
of LHS system, three groups of nano-additive materials were selected, which were
aluminium oxide (Al203), aluminium nitride (AIN) and graphene nano-platelets (GNP).
The suppliers and specifications of selected base material and nan-additives are given in
Table 5. 2. Various samples of nano-additives were developed for experimental
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investigations, as presented in Table 5. 3. To incorporate accurate concentration of
nano-additives based paraffin samples, the required mass of nano-additives was

computed from the following equation:

2 3
W,, = [ﬁ](pnpvm)xw (5-1)

Similarly, the volume of base material paraffin required for specific volume

concentration sample was calculated using the following equation:

W, .
vV, =V | —™ _|Ix10 (5.2)

Table 5. 2 Materials suppliers and specifications (Khan, Z. and Khan, Z. A. 2018)

Materials Dealers Particle size Purity
Paraffin (RT44HC) Rubitherm Technologies GmbH 99.9%
Al;0s EPRUI Nanoparticles and Microspheres Co. Ltd  30-60nm  99.9%
AIN Sigma-Aldrich Co. Ltd <100 nm 99%

GnP lonic Liquids Technologies GmbH 6-8nm 99.5%

Table 5. 3 Nano-PCM samples prepared for experimental tests (Khan, Z. and Khan, Z. A. 2018)

Sample  Nano- Volume  W,,: Mass of nano- V., ,: Volume of paraffin filled in
additives  fraction  additives added (g)  beaker (ml)

A Al203 1% 10.606 296.96

B Al;0Os 3% 32.474 290.72

C Al;O3 5% 55.263 284.21

D AIN 1% 10 296.96

E GNP 1% 1.212 296.96

Upon equating the required volume of base material paraffin and mass of nano-additives
for respective volume concentration sample, the ultrasonic emulsification technique was

adopted to prepare nano-PCM sample, as illustrated in Fig. 5. 13.
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Fig. 5. 13 Schematic layout of steps followed during nano-PCM samples preparation and loading in shell
and tube heat exchanger (Khan, Z. and Khan, Z. A. 2018)

In step 1, the volume of liquid paraffin was filled in beaker and the mass of nano-
additives were added. A good suspension of nano-additive particles in base material
paraffin was developed by subjecting the mixture to strong agitation using magnetic
stirrer for 1 hour. Hotplate with stirrer (Stuart, model: US152) was used as magnetic
stirrer, which had the stirrer speed ranging from 100-2000 rpm and the maximum hot
plate temperature ranging up to 325 °C. For each sample, the hot plate temperature was

set to 75 °C to ensure liquid phase of paraffin throughout the beaker.

In step 2, the complete dispersion of nano-additives particles in base paraffin was
achieved by subjecting the mixture to magnetic stirrer and intensive ultra-sonication for
2 h. Ultrasonic process system (model: P100) was employed to disperse nano-additives
particles in base paraffin, which had the operating frequency ranged from 20 kHz to 40
kHz. The pictorial representation of magnetic stirrer and sonication process of Al2Os
based nano-PCM is illustrated in Fig. 5. 14.

In step 3, the prepared sample of nano-additive based paraffin was poured in the shell
container of heat exchanger to conduct series of charging and discharging cycles for

thermal performance evaluation, as presented in Fig. 5. 15.
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AIN — 1% VF ' GNP — 1% VF

Fig. 5. 15 Pictorial illustration of shell and tube heat exchanger filled with various nano-additives samples

5.2.2.2 Shell and tube heat exchanger

In order to investigate thermal performance of nano-additives enhanced paraffin
samples in an actual heat exchanger, the shell and tube heat exchanger with bundle of
seven tubes were selected, as presented in Fig. 5. 15. The shell container was made of
acrylic plastic thickness, length and outer diameter of 5 mm, 185 mm and 60 mm,
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respectively. Likewise, the tubes were made of stainless steel with thickness and outer
diameter of 1 mm and 6 mm, respectively. In ordered to minimise thermal losses to
surrounding, the outer boundary of shell container was insulated with 50 mm thick glass
wool. Liquid nano-PCM sample was poured in shell container whereas, water was

utilised to circulate in tubes as HTF.

5.2.2.3 Measuring components and data acquisition system

During charging cycles, the hot water was circulated in close loop from water tank
through the tubes in heat exchanger and returned back to water tank via centrifugal
pump (Stuart Turner, model: PH 35 ES). The flow rate of inlet water during charging or

discharging cycles was controlled by regulating flow control valves.

Similarly, the transient temperature response of nano-additives enhanced paraffin
samples were recorded by installing four K-type thermocouples in shell container at two
zones (A and B) and two vertical positions (top and bottom), as shown in Fig. 3. 5 (B).
Two selected zones in shell container were sections closer to inlet and outlet of heat
exchanger and the vertical positioning of thermocouples were + 24 mm from central
position. Also, two thermocouples were attached to the inlet and outlet of heat

exchanger to record transient temperature response of water.

To record transient temperature response and flow rate value, the data captured by
sensors were transferred to computer via versatile data acquisition system (VDAS)
(model: VDAS MKII). VDAS software was operated in computer to record temperature
and flow rate readings at time step of 5 s. VDAS software was also capable of
estimating thermal energy storage/retrieval from paraffin samples in shell container by

water.
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Chapter 6 Experimental results and discussions

This chapter provides detailed discussion on experimental results acquired from thermal
performance enhancement of paraffin in novel design solution of shell and tube heat
exchanger with multiple passes and longitudinal fins and nano-additives enhanced
paraffin samples in shell and tube heat exchanger, as elaborated in previous chapter. In
first stage, various charging and discharging cycles were experimented at varied
operating conditions to understand and analyse the applicability of proposed LHS
system in practical applications. Similarly, in second stage, the nano-additives enhanced
paraffin samples were subjected to number of charging and discharging cycles at varied
operating conditions to identify an optimal thermal performance. The influence of
natural convection, operating temperatures and volume flow rates of water on phase
transition rate, accumulative thermal energy storage/release, mean charge/discharge
power and thermal distribution in paraffin in shell container were analysed and
discussed. This chapter will give detailed understanding of how to adjust operating
conditions to supply the required thermal energy demand. The content of this chapter
has been published in the following articles: “Experimental investigations of
charging/melting cycles of paraffin in a novel shell and tube with longitudinal fins
based heat storage design solution for domestic and industrial applications” by (Khan,
Z. and Khan, Z. A. 2017c) (refer to Appendix A — Paper IV), “An experimental
investigation of discharge/solidification cycle of paraffin in novel shell and tube with
longitudinal fins based latent heat storage system.” by (Khan, Z. and Khan, Z. A.
2017b) (refer to Appendix A — Paper V) and “Experimental and numerical
investigations of nano-additives enhanced paraffin in a shell and tube heat exchanger: a
comparative study.” by (Khan, Z. and Khan, Z. A. 2018) (refer to Appendix A — Paper
VI).

6.1 First stage: Novel design solution of shell and tube heat exchanger

6.1.1 Charging cycles

During charging cycles, the solar simulator was operated to increase thermal energy of
water in solar collector, which was then directed to flow through tube passes in shell
and tube heat exchanger to transfer it to paraffin in shell container. Paraffin absorbed
thermal energy from water and phase transition from solid to liquid occurred. Charging

cycle was completed once entire mass of paraffin in shell container was melted and all
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fifteen thermocouples in shell container registered temperature readings higher than
phase transition temperature of paraffin. Thermal performance of paraffin in proposed
shell and tube heat exchanger was investigated at varied range of inlet temperatures and
volume flow rates, as illustrated in Table 6. 1. It was noticed from Reynolds number
that turbulent flow was preferred due to better heat transfer performance over laminar
flow. Flow rates of water ranged from 1.5 I/min to 3.0 I/min and were selected with an
accordance to thermal performance of flat plate solar collector. Volume flow rates could
not be increased more otherwise flat-plate solar collector would not perform effectively
and the desired inlet temperature of water could not be achieved. Likewise, the range of
inlet temperatures of water were selected while considering temperature gradient of 10,
15, 20 and 25 °C between inlet temperature of water and phase transition temperature of

paraffin.

Table 6. 1 Range of experimental charging cycles conducted (Khan, Z. and Khan, Z. A. 2017c¢)

Set of experiments  Inlet temperature of HTF  Flow rate of HTF  Reynolds number

1-4 52,57, 62,67 °C 1.5 I/min 2950, 3200, 3450, 3700
5-8 52,57, 62,67 °C 2.0 I/min 4000, 4300, 4600, 4900
9-12 52, 57,62, 67 °C 2.5 l/min 4950, 5350, 5750, 6150
13-16 52, 57,62, 67 °C 3.0 I/min 5900, 6400, 6900, 7400

Prior to analysing and discussing experimental results, three repeatability tests were
conducted at constant inlet temperature of 62 °C and volume flow rate of 1.5 I/min to
examine the consistency of experimental results. Temperature profiles of paraffin at
three vertical positions at zone C are illustrated in Fig. 6. 1. It was observed that phase
transition time for paraffin at all three positions were almost identical, with a standard
deviations of 0.008, 0.029 and 0.033 at top, central and bottom positions, respectively.
Therefore, it was observed that the experimental results from repeatability tests were
highly reliable and repeatable and similarly, the thermal performance of paraffin in shell
and tube heat exchanger was indicating good thermal stability. Moreover, a slight
variation in sensible portion of thermal energy storage was developed due to small

variation in inlet temperature of water from solar collector.
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Fig. 6. 1 Transient temperature profiles of paraffin at three vertical positions at zone C while conducting

repeatability tests at constant inlet temperature and volume flow rate (Khan, Z. and Khan, Z. A. 2017c¢).

6.1.1.1 Temperature distribution in shell container

A detailed examination of thermal distribution in paraffin in shell container was studied
prior to conducting charging cycles at varying operating conditions. This examination
was conducted to help understand the effective mode of heat transfer and phase
transition rate at various zones and positions. Therefore, a charging cycle was conducted
at inlet temperature of 62 °C and volume flow rate of 1.5 I/min and the transient

temperature response from all fifteen thermocouples in shell container were recorded.

The pictorial representation of melting process of paraffin in shell container at various
time intervals is shown in Fig. 6.2. It was observed that due to higher temperature
gradient between inlet temperature of water and paraffin at inlet section (zone A) of
shell container, the phase transition rate was significantly higher as compared to other
zones. Thermal energy was transferred from water to paraffin as it was flowing through
tube passes. Due to thermal energy transfer at inlet sections, the temperature of water at
forthcoming sections of shell container were proportionately reducing. Therefore, due to
relatively smaller temperature gradient at later sections in shell container, the phase
transition rate was comparatively lower. It was noticed that after 1 hour of charging at
constant inlet temperature, the paraffin at inlet sections (zone A and B) were indicating
phase transition from solid to liquid or mushy state, whereas the later sections (zone C,

D and E) were still in either solid or mushy state. Likewise, it was noticed that after 2
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hours of charging, the paraffin at top positions in entire shell container were in liquid
state. Moreover, it was noticed that paraffin adjacent to tube passes and longitudinal fins
were rapidly melted due to proximity to heat transfer surface. With an increase in
amount of liquid paraffin nearer to tube passes and longitudinal fins, the buoyant forces
overcame viscous forces and consequently, an upward rise of paraffin molecules were
observed. Temperature and density gradient between top and central/bottom positions
strengthened buoyant forces to overcome viscous forces. Due to upward rise of liquid
paraffin, natural convection became a dominant mode of heat transfer and influenced
the rapid phase transition rate of paraffin at top position as compared to central and
bottom position. The effect of natural convection on phase transition rate of paraffin at
top positions across shell container was evident, as presented in Fig. 6. 2. Similarly, due
to upward rise of high temperature paraffin molecules, the temperature of paraffin at top
position was generally higher as compared to central and bottom positions.
Additionally, due to smaller temperature gradient at bottom positions, the heat transfer
rate was relatively weaker. For instance, the paraffin alongside shell boundaries were in
either solid or mushy state even after charging for 3 hours. It was also noticed that
vertical orientation of shell and tube heat exchanger with longitudinal fins significantly
improved the effective heat transfer surface area and assisted natural convection without

restricting liquid paraffin vertical movement.

Transient temperature response of paraffin registered during charging cycles by all
fifteen thermocouples is presented in Fig. 6. 3 (1). Due to conduction dominated heat
transfer at start and a relatively smaller specific heat capacity as compared to latent heat
capacity of paraffin, a linear rise in paraffin temperature from initial value of 10 °C to
40 °C was noticed. Therefore, the portion of sensible heat storage in solid phase was
rapidly achieved. After sensible heat storage, the temperature profile indicated slower
and gradual rise in paraffin temperature from 40 °C to 44 °C, which was influenced by a
relatively higher latent heat capacity of paraffin. During latent heat storage, the phase
transition from solid to mushy to liquid phase was observed. After completion of latent
portion of heat storage, the paraffin temperature was instantly increased which indicated
sensible heat storage in liquid phase. Moreover, it was observed from Fig. 6. 3 () that
temperature of paraffin at top position in entire shell container was higher as compared
to central and bottom positions. It was noticed that due to natural convection, the phase

transition rate of paraffin at top position at zone C was significantly augmented by a
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fraction of 65.21% and 113.04% as compared to central position and bottom position,

respectively.

0.5 hr 1hr

Fig. 6. 2 Pictorial depiction of melting process of paraffin in shell container while charging at inlet
temperature of 62 °C and volume flow rate of 1.5 I/min (Khan, Z. and Khan, Z. A. 2017c).
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6.1.1.2 Influence of inlet temperature on charging rate

The impact of weather fluctuations and solar off-peak hours on thermal performance of
paraffin based LHS system was investigated by conducted experimental tests at four
varied inlet temperatures of water. The selected range of inlet temperature of water was
52, 57, 62 and 67 °C, as presented in Table 6. 1. In this set of experiments, the volume

flow rate of water was set constant to 1.5 I/min.

It was noticed from experimental results that due to an increase in inlet temperature of
water, the temperature gradient between paraffin and water was improved and
consequently, the heat transfer rate was augmented. Due to higher heat transfer rate
between paraffin and water, the melting time for paraffin was significantly reduced.
Transient temperature response of paraffin to various inlet temperatures of water was
recorded by thermocouples installed in shell container, as presented in Fig. 6. 3 (I1). It
was observed that due to relatively smaller temperature gradient, the phase transition
rate of paraffin for inlet temperature of 52 °C was significantly low as compared to
other inlet temperatures of water. It was noticed that due to an increase in temperature
gradient by increasing inlet temperature from 52 °C to 57, 62 and 67 °C, the phase
transition time of paraffin at top position at zone D was significantly increased by a
fraction of 38.54%, 47.24% and 53.7%, respectively. Similar enhancement in phase
transition rate was noticed for paraffin at central and bottom positions. Therefore, the
overall average enhancement in phase transition rate of paraffin, due to an increase in
inlet temperature from 52 °C to 57, 62 and 67 °C, was evaluated to be 22.83%, 39.04%
and 50.08%, respectively.

Moreover, it was observed that the sensible heat storage in liquid paraffin was
augmented with an increase in inlet temperature and consequently, the overall thermal
storage capacity of LHS system was improved. Similarly, the thermal distribution in
paraffin in shell container was relatively improved by increasing temperature gradient in

all sections in shell container.
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Fig. 6. 3 (I): Thermal distribution in shell container while charging at inlet temperature of 62 °C and
volume flow rate of 1.5 I/min, (A) thermocouples installed at vertical top positions at all five zones, (B)
central positions and (C) bottom positions. (I): Transient temperature profiles acquired from
thermocouples at all three vertical positions at zone D while charging at constant flow rate of 1.5 I/min
but four varied inlet temperatures such as 52, 57, 62 and 67 °C (Khan, Z. and Khan, Z. A. 2017c).

6.1.1.3 Influence of volume flow rate on charging rate

To examine the influence of operating volume flow rate of water on thermal
performance of paraffin in proposed design of shell and tube heat exchanger, sixteen
experimental tests were conducted at varying volume flow rate of 1.5, 2.0, 2.5 and 3.0
I/min, as presented in Table 6. 1. Transient temperature response of paraffin in shell

container to varying volume flow rates of water are illustrated in Fig. 6. 4.
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It was noticed that the sensible heat storage (an increase in paraffin temperature from 15
°C to 40 °C) was almost identical for the range of varying volume flow rates, however
the influence on latent heat storage (an increase in paraffin temperature from 40 °C to
44 °C) was noticeable. The reason behind was that the initial phases of charging cycles
were influenced by conduction heat transfer and due to low thermal conductivity of
paraffin, the overall thermal resistance offered was hindering the rate of conduction heat
transfer. Thus, an increase in volume flow rate had an insignificant impact on phase
transition rate in earlier stages of charging cycles. However, due to formation of liquid
paraffin, natural convection started dominating the heat transfer between water and
paraffin. Likewise, due to an increase in volume flow rate, the turbulent nature of flow
in tubes was augmented which resulted in an improved heat transfer coefficient. Thus,
the phase transition rate of paraffin was improved with an increase in heat transfer rate.
After completion of latent heat storage, the sensible heat storage in liquid phase of

paraffin was again insignificantly influenced by varying volume flow rate.

As presented in Fig. 6. 4 (A), the phase transition rate was enhanced by a fraction of
6.56%, 18.53% and 19.91% as the volume flow rate was increased from 1.5 I/min to
2.0, 25 and 3.0 I/min, respectively. Likewise, as illustrated in Fig. 6. 4 (D), an
enhancement of 19.24%, 21.65% and 30.98% was noticed with an increase in volume
flow rate. Moreover, it was observed that with an increase in constant inlet temperature
of water such as 62 °C and 67 °C, the influence of increasing volume flow rates on
phase transition rates were becoming insignificant. The reason behind was that with an
increase in constant inlet temperature of water, the temperature gradient between
paraffin and water was increased which diminished the further enhancement due to
varying volume flow rates. For instance, at constant inlet temperature of 67 °C, the
phase transition rate of paraffin was enhanced by a fraction of 1.67%, 2.04% and 7.72%
with an increase in volume flow rates from 1.5 I/min to 2.0, 2.5 and 3.0 I/min,
respectively. To conclude, it was construed from experimental investigations that the
phase transition rate of paraffin was significantly influenced by varying volume flow
rates, however the influence was weakened with an increase in constant inlet

temperature of water.
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Fig. 6. 4 Transient temperature response of paraffin at bottom position at zone C and central position at

zone D to varied volume flow rates and various constant inlet temperatures of water (Khan, Z. and Khan,

Z. A. 2017c).
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6.1.1.4 Mean charging power

Thermal performance of paraffin based shell and tube heat exchanger was evaluated by
calculating mean charging power at various operating conditions. The mean charging
power was estimated from change in enthalpy of water at inlet and outlet of LHS unit.
Thermocouples installed at inlet and outlet of LHS unit registered the temperature
readings for charging cycles. Accumulative thermal energy storage Q by paraffin was
estimated by computing a subsection integral method which incorporated variations in
density, specific heat capacity and temperature of water at inlet and outlet of LHS unit,
as follow:

Pin +pou C ,in +C ,ou
Q =Z\‘§E 2 tj( - 2 _— (THTF,in —Thiire out )At (6.1)

where Qs,V, p, Cp, Tyrr and At represented total thermal energy storage (kJ), volume
flow rate of water (m®/sec), density of water (kg/m®), specific heat capacity of water
(kJ/kg.K), temperature of water (°C) and time interval (sec) at which temperature data
was registered by thermocouples. Moreover, the mean charging power P, was calculated

using the following equation:
c T . (6.2)

where P, and t, represented the mean charging power (kW) and total time lapsed for

completing charging cycle.

Impact of varying operating conditions on mean charging power were analysed by
fixing constant initial temperature and mass of paraffin in LHS unit. As illustrated in
Fig. 6. 5, the mean power was significantly influenced by an increasing inlet
temperature. The reason behind was an increase in temperature gradient which resulted
in a higher heat transfer rate and therefore, the mean charging power was significantly
enhanced. It was observed that for a constant volume flow rate of 1.5 I/min, the mean
charging power was enhanced by a fraction of 14.82%, 59.28% and 69.71% with an
increase in inlet temperature from 52 °C to 57, 62 and 67 °C, respectively. In the same
manner, an increase in volume flow rate demonstrated a noticeable enhancement in
mean charging power. However, mean charging power enhancement due to increasing

volume flow rate was relatively moderate as compared to increasing inlet temperature.
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For instance, at constant inlet temperatures of 52, 57, 62 and 67 °C, the mean charging
power was improved by a fraction of 16.28%, 24.39%, 10.94% and 7.19% with an

increase in volume flow rate from 1.5 I/min to 2.0 I/min, respectively.
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g
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o
c
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2 .
0.2
0
52 (deg C) 57 (deg C) 62 (deg C) 67 (deg C)
1.5 |/min 0.614 0.705 0.978 1.042
2.0 |/min 0.714 0.877 1.085 1.117

Fig. 6. 5 Mean charging power of LHS unit at varied inlet temperatures and volume flow rates (Khan, Z.
and Khan, Z. A. 2017c¢)

6.1.2 Discharging cycles

During discharging cycles, the flat plate solar collector and centrifugal pump remained
inactive and the low temperature water from municipal/building water tank was directed
to circulate through the tube passes in heat exchanger and extract thermal energy from
paraffin in shell container. High temperature paraffin in shell container released thermal
energy to low temperature water flowing in tubes passes and consequently, a phase
transition of paraffin from liquid to solid was commenced. Also, the low temperature
water gained thermal energy from paraffin and thus, a high temperature water at outlet
of LHS unit was collected. As illustrated in Fig. 5. 2, the control valves 2 and 3 were
turned off and control valves 1 and 4 were turned on to generate an open loop operation
of discharging cycles. Control valves 1 and 4 were regulated to produce a required
volume flow rate in the range of 1.5 I/min to 3.0 I/min. Similarly, the thermal
performance of paraffin during discharging cycles were investigated by conducting
experimental tests at three varied inlet temperatures of 5 °C, 10 °C and 15 °C.

In order to provide a good baseline for comparison of discharging cycles at varied
operating conditions, the discharging cycles were initiated once all thermocouples
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installed at top positions in shell container were registering paraffin temperature value
equal to 62 °C. Moreover, the discharging cycles were completed when all
thermocouples registered temperature values lesser than phase transition temperature of
paraffin and the temperature gradient between inlet and outlet of water was smaller than
5°C.

6.1.2.1 Temperature distribution in shell container

Prior to conducting discharging cycles of paraffin in proposed shell and tube heat
exchanger with longitudinal fins at varied operating conditions, a discharging cycle was
conducted at inlet temperature of 10 °C to examine and analyse the temperature
distribution in shell container and help understand the dominant mode of heat transfer,
development of solidification front and phase transition rate of paraffin at various zones

in shell container.

The pictorial illustrations of solidification front movement of paraffin in shell container
at various time intervals during discharging cycles at inlet temperature of 10 °C, as
presented in Fig. 6. 6. It was noticed that due to higher temperature gradient between
low temperature water in tube and high temperature paraffin in shell container, the
formation of solidified layer around tube passes and longitudinal fins were more
prominent. It showed that the higher heat transfer rate at initial stages discharged the
sensible and latent portion of thermal energy from paraffin closer to tube passes and
longitudinal fins to water in tubes, as shown at time interval of 0.25 h. In shell
container, the transparent portion represented liquid paraffin and white layers around
tube passes and longitudinal fins represented solidified paraffin. Likewise, it was
noticed that due to relatively higher temperature gradient at inlet section (zone E), the
phase transition rate from liquid to solid phase was more prominent and therefore, the
thickness of solidified layers across longitudinal fins were comparatively thicker than
other section in shell container. At time interval of 0.75 h, it was noticed that paraffin at
top position in entire shell container was in mushy phase whereas, the paraffin in
between longitudinal fins remained in liquid phase due to low thermal conductivity of
solidified layer of paraffin across longitudinal fins and tube passes. Unlike charging
cycles, natural convection had minimal influence on solidification front movement in
discharging cycles. Conduction heat transfer dominated discharging cycles. It was
noticed that after conducting discharging cycle for 1 h, the mass of paraffin at top

position at central section (zone C) in shell container was completely solidified whereas,
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the rest of the sections in shell container illustrated mushy phase. The reason behind
higher phase transition rate of paraffin at central section (zone C) in shell container was
due to the presence of closely packed longitudinal fins, which augmented the
conduction heat transfer rate and phase transition rate. Finally, at time interval of 1.25 h,
the paraffin at top positon at all sections in shell container had completely discharged
latent portion of thermal energy to water in tubes and had transformed from liquid to

solid phase.

The transient temperature response of paraffin to discharging cycle was registered by
thermocouples installed in shell container. An average of temperature profiles registered
by thermocouples installed at top, central and bottom position for each zone is
illustrated in Fig. 6. 7. It was observed that due to higher temperature gradient at inlet
section (zone E), the phase transition rate was higher for paraffin at zone E and
compared other zones. It was noticed that the sensible portion of thermal energy at all
zones in shell container were discharge at equal rate whereas, the latent portion of
thermal energy was discharged at higher rate at sections closer to inlet section (zone E)
and followed by central section (zone C) and outlet section (zone B and zone A).
Temperature gradient between water in tubes and paraffin in shell container was
reduced as the water flows in tube passes. The reason behind was the extraction of
thermal energy from paraffin and consequent rise in the temperature of water as the
flow progresses in tube passes. Therefore, the heat transfer rate was effected and the
phase transition rate of paraffin was relatively reduced at outlet section (zone A) in shell
container. As latent portion of thermal energy was completely discharged, the paraffin

temperature was instantly declined due to smaller sensible portion of thermal energy.
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1hr 1.25hr

Fig. 6. 6 Pictorial illustration of solidification front of paraffin in shell container at various time intervals
during discharging at inlet temperature of 10 °C and volume flow rate of 1.5 I/min (Khan, Z. and Khan, Z.
A. 2017b).
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Fig. 6. 7 Average temperature profiles of three vertically installed thermocouples at each of five zones
while discharging at inlet temperature of 10 °C and volume flow rate of 1.5 I/min (Khan, Z. and Khan, Z.
A. 2017b).

6.1.2.2 Influence of inlet temperature on discharging rate

To investigate thermal response of paraffin in proposed design of shell and tube heat
exchanger to discharging cycles at varied operating conditions, three inlet temperatures
of water were examined: 5 °C, 10 °C and 15 °C. However, the volume flow rate of inlet
water was kept constant to 1.5 I/min. Transient thermal response of paraffin to
discharging cycles at varied operating conditions were recorded by thermocouples
installed at three vertical positions and five zones across shell container and plotted
against time interval in Fig. 6. 8. During discharging cycles, water was circulated in
tube passes and thermal energy was extracted from paraffin in shell container and
therefore, the outlet water temperature was increased. Transient variations in outlet
water temperature for discharging cycles at varied operating temperatures are illustrated
in Fig. 6. 8 (H).

Similar to charging cycles, the phase transition rate of paraffin during discharging
cycles were significantly influenced by varied inlet temperatures of water. It was
noticed that sensible portion of thermal energy discharge by paraffin in shell container
to varied inlet temperature of water in tube was identical. However, the latent portion of
thermal energy discharge was significantly influenced by varied inlet temperature of
water. It was observed that the total solidification time for paraffin in shell container at
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top position at outlet section (zone A) was significantly decreased as the temperature
gradient was increased by decreasing inlet temperature of water from 15 °C to 10 °C and
5 °C. Total solidification time of paraffin at top position at zone A was 1.38 h for inlet
temperature of 15 °C, as shown in Fig. 6. 8 (A). Total solidification time was reduced
by a fraction of 9.01% and 17.43% as the inlet temperature was reduced from 15 °C to
10 °C and 5 °C, respectively. Furthermore, the sensible thermal energy discharge after

solidification showed a rapid decline in paraffin temperature.

Paraffin at central position along vertical axis had experienced higher phase transition
rate as compared to top and bottom position. This reason behind was the congestion and
proximity of longitudinal fins to paraffin at central position. It was noticed that the total
solidification time for paraffin at central position at zone B was reduced from 1.06 h to
0.88 h and 0.76 h as the inlet temperature was reduced from 15 °C to 10 °C and 5 °C,
respectively (see Fig. 6. 8 (B)). Likewise, the total solidification time of paraffin at
central position at zone D was reduced by a fraction of 23.58% and 48.11%,
respectively (see Fig. 6. 8 (E)). Furthermore, the sensible thermal energy discharge after

solidification was identical due to conduction dominant heat transfer.

During discharging cycles at varied inlet temperatures of water, the thermal energy was
extracted from paraffin in shell container and the temperature of water in tubes was
increased. Outlet temperature of water was significantly influenced by varied inlet
temperatures of water. It was noticed that as the inlet temperature of water was
decreased from 15 °C to 5 °C, the temperature gradient between water and paraffin was
enhanced and therefore, thermal energy was extracted from paraffin at higher rate.
Therefore, a higher water temperature at outlet was achieved for a shorted period of
time, as presented in Fig. 6. 8 (H). Whereas, with an increase in inlet water temperature,
the temperature gradient was reduced and consequently, thermal energy was extracted at
relatively lower rate. Thus, high temperature water was attained at outlet for a longer
period of time. Furthermore, it was observed that with further increase in inlet
temperature, the outlet temperature could be further enhanced and for even higher
period of time, which can guarantee to be a workable solution for large scale practical

applications.
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Fig. 6. 8 Transient temperature response of paraffin in shell container to discharging at varied inlet

temperatures of water such as 5 °C, 10 °C and 15 °C and at constant volume flow rate of 1.5 I/min (Khan,
Z.and Khan, Z. A. 2017b).
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6.1.2.3 Influence of volume flow rate on discharging rate

The impact of varying operating volume flow rates conditions of water on phase
transition rate of paraffin in shell container were investigated by conducting a series of
discharging cycles at varied volume flow rates of 1.5, 2, 2.5 and 3 I/min and constant
inlet temperature of 10 °C. Transient temperature response of paraffin in shell container

was recorded by thermocouples installed in shell container, as illustrated in Fig. 6. 9.

Similar to inlet temperature of water, the variation in volume flow rates of water had
illustrated an insignificant impact on sensible thermal energy discharge of paraffin in
shell container. Whereas, the total time required to discharge latent portion of thermal
energy from paraffin in shell container was significantly reduced by an increase in
volume flow rate. Likewise, the sensible portion of thermal energy discharge from solid
paraffin in shell container had presented a minimal impact due to varying volume flow

rates of water.

As presented in Fig. 6. 9, the total solidification time for paraffin at top position at
outlet section (zone A) was significantly reduced by a fraction of 9.03%, 14.98% and
28.19% as volume flow rate of water was increased from 1.5 I/min to 2, 2.5 and 3 I/min,
respectively. Likewise, the total solidification time for paraffin at top position at central
section (zone C) was reduced by a fraction of 11.04%, 21.22% and 27.32%,
respectively. Similarly, the paraffin at top position at inlet section (zone E) had
presented total solidification time reduction of 6.76%, 13.05% and 19.81% with an

increase in volume flow rate of water from 1.5 I/min to 2, 2.5 and 3 I/min, respectively.

Similarly, it was observed that for a constant inlet temperature of water, the heat transfer
rate between water in tubes and paraffin in shell container was enhanced with an
increase in volume flow rates. The reason behind was that with an increase in volume
flow rate, the turbulent nature of water in tubes was augmented and therefore, a higher
heat transfer coefficient was produced. Therefore, with an increase in volume flow rate,
a relatively higher capacity of thermal energy was extracted from paraffin in shell
container and consequently, the phase transition rate was enhanced. However, the
higher volume flow rates of inlet water would produce a lower output temperature.
Thus, in order to maintain a higher outlet temperature to meet a required demands for a
practical application, a smaller volume flow rate should be considered. Furthermore, the

operating temperature and volume flow rate conditions of inlet water should be
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regulated in order to produce a required outlet temperature and mean power for practical

applications.
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Fig. 6. 9 Transient temperature response of paraffin in shell container to discharging at varied volume
flow rates of water such as 1.5, 2.0, 2.5 and 3.0 I/min and at constant inlet temperature of 10 °C (Khan, Z.
and Khan, Z. A. 2017b).

6.1.2.4 Mean discharging power

To examine thermal performance of paraffin in proposed design of shell and tube heat
exchanger with longitudinal fins, the accumulative thermal energy discharge and mean
discharge power were calculated at varied operating conditions. Accumulative thermal

energy discharge Q,; and mean discharge power P; were computed from a subsection
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integral method which considered average density, specific heat capacity, temperature

gradient and time interval to record transient temperature data for discharging cycle, as

follow:
n Tt C in +C oul
Q= Z\E{ £ 2,00Ut j( . 2 P J(THTF,out —Threin )At (6. 3)
Py = & (6. 4)
td

The impact of varied volume flow rates of water on accumulative thermal energy
discharge from paraffin was examined, as presented in Fig. 6. 10. Inlet temperature of
water was set constant to 10 °C. It was noticed that with an increase in volume flow
rate of water, the overall thermal resistance to convective heat transfer in water was
reduced and therefore, a relatively higher amount of thermal energy was discharged by
water from paraffin. It was observed that while discharging paraffin for 1.5 h at volume
flow rates of 1.5, 2, 2.5 and 3 I/min, the accumulative thermal energy discharged by
water was 10604 kJ, 11150 kJ, 11521 kJ and 12055 kJ, respectively. Likewise, the
discharging time of paraffin was reduced by a fraction of 24% as the volume flow rates

was increased from 1.5 I/min to 3 I/min.
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Fig. 6. 10 Accumulative thermal energy discharge by paraffin to water at varied volume flow rates of 1.5,
2.0, 2.5 and 3.0 I/min and at constant inlet temperature of 10 °C (Khan, Z. and Khan, Z. A. 2017b).
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Furthermore, the impact of varying operating conditions on mean discharge power of
paraffin was examined, as illustrated in Fig. 6. 11. It was noticed that for a constant
inlet temperature of 15 °C, the mean discharge power was linearly increased with an
increase in volume flow rate from 1.5 I/min to 2.0, 2.5 and 3.0 I/min. As presented, the
mean discharge power was enhanced by a fraction of 18.24%, 33.58% and 49.75%,
respectively. Similarly, for constant inlet temperature of 10 °C, the enhancement in
mean discharge power acquired with an increase in volume flow rate was 6.85%,
13.47% and 26.49%. Likewise, in case of inlet temperature of 5 °C, the mean discharge
power was increased by a fraction of 7.31%, 17.98% and 33.70%, respectively.
Furthermore, in case of varying inlet temperatures and constant volume flow rates, the
mean discharge power of paraffin had demonstrated significant enhancement. For
instance, in case of varying inlet temperatures and constant volume flow rate of 3 I/min,
the mean discharge power was increased from 1.959 kW to 2.125 and 2.38 kW as the
inlet temperature was decreased from 15 °C to 10 °C and 5 °C, respectively. Therefore,
it was evident from experimental investigations that by adjusting inlet temperature and
flow rate of water, the required power and temperature demands for practical

applications could be achieved.
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Fig. 6. 11 Mean discharging power of LHS unit at three varied inlet temperatures and four volume flow
rates (Khan, Z. and Khan, Z. A. 2017b).
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6.2 Second stage: Nano-additives enhanced paraffin

To understand relative thermal performance enhancement with an inclusion of nano-
additives in base paraffin, the thermal performance of base paraffin during
charging/discharging cycles at varied operating conditions were investigated in shell
and tube heat exchanger (see Fig. 5. 12) to provide a good reference for evaluation of
nano-additives enhanced paraffin samples. Following to investigation of base paraffin in
shell and tube heat exchanger, the nano-additives enhanced paraffin samples, as
presented in Table 5. 3, were investigated by conducting charging/discharging cycles at
various operating conditions to identify nano-additive material with volume

concentration for optimum thermal performance enhancement.

6.2.1 Charging cycles

Nano-PCM samples were prepared by ultrasonic emulsification technique and loaded in
shell container of heat exchanger, as illustrated in Fig. 5. 13. High temperature water
was pumped through the heat exchanger tubes to transfer thermal energy to nano-PCM
sample in shell container. Charging cycle was completed when all four thermocouples
in shell container registered temperature higher than phase transition temperature. In
order to investigate thermal response of nano-PCM samples to varied operating
conditions, three inlet temperatures were experimented such as 47 °C, 52 °C and 57 °C.
Similarly, the impact of four volume flow rates ranging from 1.5 I/min — 3.0 I/min were
experimented. However, due to small volume of shell and tube heat exchanger, such as
300 ml, the impact of varying volume flow rates of water on thermal performance of

nano-PCM samples were insignificant.

6.2.1.1 Influence of nano-additives volume concentrations

Due to inclusion of high thermal conductive nano-additives, the effective thermal
conductivity of paraffin was enhanced and therefore, the heat transfer rate and
charging/discharging rate was significantly enhanced. However, with inclusion of nano-
additives, the effective dynamic viscosity of paraffin was also augmented, which had
adverse impacts on buoyancy driven natural convection. Therefore, an optimum volume
concentration of nano-additives should be identified to achieve desired thermal

performance enhancement of LHS system.
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Fig. 6. 12 Transient temperature profiles acquired from thermocouple installed at bottom position at
outlet section (zone B) of shell container during charging cycles of pure paraffin and Al,Os nano-
additives enhanced paraffin samples with varied volume fractions of 1%, 3% and 5% at three varied inlet
temperatures of 47 °C, 52 °C and 57 °C (Khan, Z. and Khan, Z. A. 2018).

In order to determine the influence of nano-additives inclusion to base paraffin and

optimum volume concentration of nano-additives, Al>Oz based nano-PCM samples
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were prepared with volume fraction of 1%, 3% and 5%. Thermal performance
enhancement of nano-PCM samples were experimented with reference to base paraffin

at varied inlet temperatures of 47 °C, 52 °C and 57 °C, as presented in Fig. 6. 12.

It was evident that while charging at constant inlet temperature of 47 °C, the charging
rate was significantly enhanced by a fraction of 33.75%, 55.41% and 56.25% for Al>Os
based nano-PCM samples as compared to base paraffin, respectively. Similarly, in case
of charging at constant inlet temperature of 52 °C, the charging rate was improved by a
fraction of 35.92%, 48.80% and 56.37%, respectively. Moreover, while charging at
constant inlet temperature of 57 °C, the charging rate was increased by a fraction of
11.36%, 21.71% and 24.74%, respectively.

It was deduced from experimental investigations that the inclusion of nano-additives to
paraffin had significantly enhanced the heat transfer rate and charging rate. However, it
was noticed that thermal performance was just slightly enhanced with an increase in
volume concentration from 3% to 5%. This was due to the fact that with an increase in
volume concentration, the dynamic viscosity was significantly augmented, which was
the reason for adverse effects on natural convection and overall charging rate.
Furthermore, the density and overall weight of LHS system was also increased with an
increase in volume concentration. Thus, it was construed that for optimal thermo-
physical performance, the volume concentration of nano-additives should not exceed
3%.

6.2.1.2 Influence of various nano-additive materials

In order to examine the impact of various nano-additives materials on thermal
performance enhancement of LHS system, nano-PCM samples were prepared with 1%
volume concentration of Al2Os, AIN and GNP, as shown in Table 5. 3. Nano-PCM
samples were investigated at three varied inlet temperatures of 47 °C, 52 °C and 57 °C.
Transient temperature response of base paraffin and nano-PCM samples to varied inlet
temperatures were registered by thermocouples installed at top and bottom position at
inlet section (zone A) of shell container, as presented in Fig. 6. 13.

It was noticed that for inlet temperature of 47 °C, the charging rates at top position at
inlet section (zone A) for Al203, AIN and GNP based nano-PCM samples were
significantly improved by a fraction of 9.04%, 18.74% and 37.85% as compared to base

paraffin, respectively. Similarly, the charging rates at bottom position were enhanced by

120



Chapter 6 Experimental results and discussions

a fraction of 33.75%, 35.90% and 62.56%, respectively. For inlet temperature of 52 °C,

the phase transition rates at top position were enhanced by a fraction of 6.42%, 27.27%

and 57.22% and at bottom position, it was augmented by 32.70%, 36.40% and 38.07%,

respectively. Moreover, for inlet temperature of 57 °C, the charging rates at top position

were improved by 19.04%, 28.57% and 49.78% and at bottom position, it was improved
by 28.01%, 36.47% and 44.57%, respectively.
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Fig. 6. 13 Transient temperature profiles acquired from thermocouples installed at top and bottom

position at inlet section (zone A) of shell container during charging cycles of pure paraffin and Al,Os,

AIN and GNP nano-additives enhanced paraffin samples with volume fraction of 1% at three varied inlet
temperatures of 47 °C, 52 °C and 57 °C (Khan, Z. and Khan, Z. A. 2018).

It was deduced from experimental examinations that the effective thermal conductivity

was increased due to inclusion of nano-additives and consequently, the charging rate
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was significantly increase. It was also deduced that for constant volume concentration,
GNP based nano-PCM samples demonstrated relatively better thermal performance.
Also, due to relatively smaller density of GNP nano-additive particles, the overall
weight of LHS system was not increased. Therefore, an optimum thermo-physical
performance of LHS system could be achieved with addition of GNP nano-additives to

base paraffin.

6.2.2 Discharging cycles

Following to charging cycles, thermal performance of nano-PCM samples in shell
container were examined by conducting discharging cycles. Municipal water was
channelled through the heat exchanger tubes to extract thermal energy from base
paraffin or nano-PCM samples in shell container. Open loop discharging cycle was
completed when all thermocouples in shell container registered temperature reading
lesser than phase transition temperature of paraffin.

6.2.2.1 Influence of nano-additives volume concentrations

Similar to charging cycles, the impact of volume concentrations of nano-additives on
thermal performance of LHS system was examined by conducting discharging cycles on
base paraffin and Al.Oz based nano-PCM samples with volume fraction of 1%, 3% and
5%. Transient temperature response to discharging cycles were recorded by
thermocouple installed at bottom position at inlet section (zone A) in shell container, as
presented in Fig. 6. 14. It was noticed that the effective thermal conductivity was
enhanced with inclusion of Al>Oz nano-additives and consequently, the discharging rate
was significantly augmented. In case of discharging at constant inlet temperature of 15
°C, the discharging rate was enhanced by a fraction of 28.45%, 39.05% and 39.52% for
Al>O3 based nano-PCM samples as compared to base paraffin, respectively. Similar to
charging cycles, an insignificant enhancement in discharging rate was noticed with an
increase in volume concentration from 3% to 5%. Hence, it was concluded that for
optimal thermal performance, the volume concentration of nano-additives should not

exceed 3%.
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Fig. 6. 14 Transient temperature profiles acquired from thermocouple installed at bottom position at inlet
section (zone A) of shell container during discharging cycles of pure paraffin and Al.O3 nano-additives
enhanced paraffin samples (Khan, Z. and Khan, Z. A. 2018).

6.2.2.2 Influence of various nano-additive materials

To examine the impact of various nano-additives materials on thermo-physical
performance of LHS system, the discharging cycles were conducted for base paraffin
and nano-PCM samples with 1% volume concentration of Al2Os, AIN and GNP nano-
additives. Inlet temperature for discharging cycles were set constant to 15 °C. Likewise,
the transient temperature response of base paraffin and nano-PCM samples were
recorded from thermocouple installed at bottom position at outlet section (zone B), as
illustrated in Fig. 6. 15.

It was observed that for constant inlet temperature, the discharging rate for nano-PCM
samples with 1% volume concentration of Al>Os, AIN and GNP nano-additives were
enhanced by a fraction of 14.63%, 34.95% and 41.46% as compared to base paraffin,
respectively. It was evident from transient temperature profiles that GNP and AIN based
nano-PCM samples had presented significantly higher discharging rate due to their
higher effective thermal conductivity. However, GNP based nano-PCM sample was
recommended and preferred due to relatively lighter weight and higher charging

performance.
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Fig. 6. 15 Transient temperature profiles acquired from thermocouples installed at bottom position at
outlet section (zone B) of shell container during discharging cycles of pure paraffin and Al.Os, AIN and
GNP nano-additives enhanced paraffin samples (Khan, Z. and Khan, Z. A. 2018).
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Chapter 7 Predictive modelling and analytics

This chapter discusses the predictive modelling and analytics based on experimental
results to forecast thermal performance of proposed designed of LHS system at varied
operating conditions. Non-linear regression technique was implemented to develop
equations for outlet temperature of water for proposed designed LHS system. Moreover,
a general equation was generated for outlet temperature of water as a factor of inlet
temperature of water and time interval. Furthermore, the proposed design of shell and
tube with multiple passes and longitudinal fins coupled with graphene nano-additives
enhanced paraffin as thermal storage material was simulated in ANSYS Fluent
workbench to investigate coupled thermal performance enhancement.

9.1 Governing equation for proposed LHS system

It was informed by (Helvaci, H. and Khan, Z. A. 2016) that a mechanical work of
146.74 W was generated at rotary expander in ORC. Inlet and outlet temperatures of
organic refrigerant (HFE 7000) at rotary expander were 45.41 °C and 36.36 °C,
respectively. In order to analyse whether or not the proposed designed solution of LHS
system is capable of sustaining continuous generation of mechanical work at rotary
expander, the provision of desired higher inlet temperature of organic refrigerant at
rotary expander is essential. It can be noticed from Fig. 6. 8 (H) that with an increase in
inlet temperature during discharging cycles, a higher outlet temperature was produced
for an even longer period of time. However, the experimental discharging cycles of
LHS system were conducted at inlet temperatures of 5, 10 and 15 °C. Therefore, the
non-linear regression technique was adopted to generate correlations between inlet
temperature, outlet temperature and time interval for respective proposed designed LHS
system to predict outlet temperature profiles at varied higher inlet temperature of 20, 25,
30 and 35 °C.

It can be observed from the experimental results in Fig. 6. 8 (H) that the outlet
temperature profiles followed logarithmic declination trend. Hence, the logarithmic
trend line equation was generated and the coefficient of determination R? was calculated
to examine the accuracy of predicted equations. It was noticed that as compared to
polynomial and power declination trend equations, the logarithmic declination trend
equation produced a relatively better coefficient of determination R2 Furthermore,

generalized reduction gradient (GRG) nonlinear algorithm was implemented to optimise
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the logarithmic declination trend equations for outlet temperature at various inlet

temperatures, as given below:

THTF,iTl = SOC; THTF,out ES _9.2241n(t) + 14‘.984‘2 (7 1)
Tyrrin = 10°C;  Tyrroue = —8.445In(t) + 19.9842 7.2)
THTF,iTl = 150(:; THTF,O'U.t = _7.6941n(t) + 24‘.984‘2 (7 3)

It can be noticed from Eq. (7. 1) to Eqg. (7. 3) that outlet temperature at varied inlet
temperatures were influenced by logarithmic time intervals and two coefficients which
behaved linearly with an increase in inlet temperature from 5 °C — 15 °C. Therefore, a
general governing equation was developed for outlet temperature as a factor of inlet

temperature and time intervals, as given below:
Turrout = (ATHTF,in - d))[ n(t) + Turpin + @ (7.4)

where 4 = 0.153 and @ = 9.9842 are coefficients for respective volume flow rate of
1.5 I/min and proposed design of LHS system. In order to examine the accuracy of
governing equation, the predicted outlet temperature profiles for inlet temperature of 10
°C and 15 °C were compared with experimental outlet temperature profiles, as presented
in Fig. 7. 1. It can be observed that the predicted outlet temperature profiles are in good
agreement with experimental temperature profiles. The mean absolute percentage error

between predicted and experimental results were calculated to be 4.01%.

In similar manner, the developed governing equation was computed to predict the
output temperature response to various inlet temperatures of HTF such as 20, 25, 30 and
35 °C, as presented in Fig. 7. 2. It was noticed that with an increase in inlet temperature,
the gradient between paraffin and HTF was reduced and hence the thermal energy was
discharged for longer period of time. In other words, in case of higher inlet temperature,
a relatively smaller thermal energy was required to raise the output temperature and
therefore, a higher outlet temperature was acquired for longer period of time. For
instance, at inlet temperature of 35 °C, a higher outlet temperature in the range of 40 °C

was can be generated for 4 hours.
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Fig. 7. 1 Validation of predicted and experimental results of outlet temperature profiles at varied inlet
temperatures of 10 °C and 15 °C.

Hence, it can be deduced that for close loop operation at higher inlet temperature of
organic refrigerant, the proposed LHS system is proficient of generating higher
temperature output to sustain uninterrupted generation of mechanical work at rotary
expander. Further, to generate mechanical work for even longer period of time, the
proposed LHS systems can be arranged in series sequence and for generating higher
mechanical work output, the proposed LHS systems can be assembled in parallel

sequence.

It was informed by (Khan, Z. et al. 2016a) that paraffins with higher phase transition
temperature possess almost identical density, thermal conductivity and viscosity.
Therefore for higher outlet temperature demands, the current employed paraffin
(RT44HC) in shell container can be substituted with higher phase transition temperature
paraffin such as RT70HC, RT80HC, RT90HC, etc (Anon. 2017). Therefore, the
proposed design of shell and tube with multiple tube passes and longitudinal fins can be
employed for numerous domestic and industrial applications to meet wide ranging

temperature demands.
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Fig. 7. 2 Predicted outlet temperature profiles at varied time intervals and at various inlet temperatures of
20, 25, 30 and 35 °C.

9.2 Coupled thermal performance enhancement with longitudinal fins and nano-
PCM
Numerical and experimental investigations have demonstrated significant thermal
performance enhancement of paraffin at varied operating conditions in proposed shell
and tube heat exchanger with multiple tube passes and longitudinal fins. Inclusion of
longitudinal fins countered the low thermal conductivity of paraffin in shell container
and therefore, a higher charging and discharging rate is achieved. Likewise, it was
determined from numerical and experimental analysis that inclusion of GNP nano-
additives can significantly enhance the effective thermal conductivity of paraffin, which
can result in higher charging and discharging rate. In this section, the proposed design
of novel shell and tube heat exchanger with extended longitudinal fins (see Fig. 3. 4)
and proposed graphene nano-platelets enhanced novel thermal storage materials was

simulated to examine coupled thermal performance enhancement.

Fig. 7. 3 illustrates the impact of coupled thermal performance enhancement techniques
on melting fractions and enthalpy contours of pure paraffin and GNP enhanced paraffin
samples in shell container while charging at constant inlet temperature of 62 °C. Three
volume concentrations of GNP nano-additives were selected: 1%, 2% and 3%. It was
noticed that as compared to pure paraffin, the nano-additives enhanced paraffin samples
presented relatively higher charging rate due to improved effective thermal
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conductivity. It was also detected that the charging rate was increased with an increase
in volume concentration of nano-additives. For instance, while charging at constant inlet
temperature of 62 °C for 3 hour, the complete liquid fraction for pure paraffin and GNP
enhanced paraffin samples were 92.12%, 93.6%, 94.5% and 95.5%, respectively.
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Fig. 7. 3 Melting fractions and enthalpy contours of pure paraffin and nano-additives enhanced paraffin
samples during charging at constant inlet temperature of 62 °C for 3 hour. Phase transition interval AT,.

for this case was set to 0.1 °C.

Likewise, the transient temperature profiles of paraffin and nano-additives enhanced
paraffin samples acquired at inlet section (zone A) and boundary section (zone B) were
plotted in Fig. 7. 4 and Fig. 7. 5, respectively. It was noticed that the phase transition
rate at zone A was significantly enhanced with inclusion of GNP nano-additives and the
enhancement was further augmented with an increase in volume concentration. For
instance, the phase transition rate for nano-additive enhanced paraffin sample with 3%
volume concentration was 24.17% higher as compared to pure paraffin. Likewise, it was
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noticed that at zone A, the transient temperature profiles represented a relatively higher
phase transition rate for nano-additives enhanced paraffin as compared to pure paraffin.
However, the improvement in phase transition rate due to an increase in volume
concentration from 1% — 3 % was insignificant at zone B. Total melting time required
for pure paraffin and nano-additives enhanced paraffin samples at zone B were recorded
to be 4.11 h, 3.59 h, 3.56 h and 3.52 h, respectively. Therefore, as compared to pure
paraffin, a significant enhancement in charging rate was achieved with inclusion of
GNP nano-additives. Moreover, it was noticed that phase transition rate for coupled
thermal performance enhancement techniques was significantly enhanced by 75.46% as

compared to no longitudinal fins orientation with pure paraffin.

However, it was observed that with an inclusion of longitudinal fins and nano-additives,
the volume occupied by paraffin was compromised and consequently the overall
thermal storage capacity was slightly reduced, as presented in Fig. 7. 6. As compared to
no fins orientation with pure paraffin, the overall thermal storage capacity was reduced
from 10.48 MJ to 10.03 MJ with inclusion of GNP nano-additives with 3% volume
concentration. Hence, the significant enhancement in phase transition rate and minimal
reduction in overall thermal storage capacity support and recommend the coupled

enhancement technique with inclusion of longitudinal fins and nano-additives.
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Fig. 7. 4 Transient temperature profiles acquired at inlet section (zone A) for pure paraffin and nano-
additives enhanced paraffin samples during charging at constant inlet temperature of 62 °C. Phase

transition interval AT, for this case was set to 0.1 °C.
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Fig. 7. 5 Transient temperature profiles acquired at shell container boundary section (zone B) for pure
paraffin and nano-additives enhanced paraffin samples during charging at constant inlet temperature of 62
°C. Phase transition interval AT, for this case was set to 0.1 °C.
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Chapter 8 Conclusions and future work

This chapter provides the conclusions derived from numerical and experimental
analyses conducted in developing an efficient and effective thermal energy storage
technology with novel heat transfer mechanism and novel thermal storage materials to
sustain continuous generation of heat and power for low temperature practical
applications. These conclusions are discussed with an instance of fulfilling the set

objectives of this thesis.

8.1 Achieving the set objectives of this thesis
o Investigation and identification of various possible thermal storage system

for solar energy or heat recovery sources

These conclusions are based on the literature survey conducted in Chapter 2. In
literature survey, various subgroups of organic and inorganic thermal storage materials
were studied and analysed as potential candidates for LHS systems on the basis of their
chemical composition, thermo-physical performance, long term thermo-physical
stability and compatibility with container materials. Paraffin and salt hydrates were
established as favourable thermal storage materials due to their higher latent heat
capacity, availability at wide range of temperatures for low temperature applications and
relatively cheaper price. However, due to corrosive nature, phase segregation and
subcooling problems of salt hydrates, the complexity to design and develop a long-life
cycle LHS system was increased. Therefore, paraffin was selected as thermal storage
material due to their excellent compatibility with metal container, no phase segregation
or subcooling, good thermo-physical stability and repeatability, and good environmental
properties. Likewise, copper was selected as preferable and feasible construction
material for heat exchanger to overcome the influence of low thermal conductivity of
paraffin on charging/discharging rate of LHS system. Moreover, the literature survey
advocated the utilisation of vertical shell and tube heat exchanger due to its easier
integration to number of practical applications, higher thermal performance and
minimal thermal losses. Longitudinal fins were identified advantageous over radial fins
due to their better temperature distribution in vertical shell container, simpler
geometrical integration to tubes, minimal thermal storage reduction and excellent
facilitation to natural convection. Furthermore, metal oxides, metal nitrides and carbon

allotropes were recognised as potential nano-additives to incorporate in base paraffin to
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enhance effective thermal conductivity. Finally, the coupled thermal performance
enhancement with longitudinal fins and nano-additives was proposed for developing an
efficient and effective thermal energy storage system for large-scale practical

applications.

o To conduct numerical simulations for designing a novel geometrical

orientated heat exchanger for LHS system

These conclusions are based on the numerical analyses conducted in Chapter 3 and 4.
Based on recommendations conferred in Chapter 2, the computational model
comprising novel geometrical orientation of shell and tube heat exchanger with multiple
tube passes and longitudinal fins was simulated to investigate the influence of various
design parameters and operating conditions on overall thermal performance of proposed
LHS system. Commercial grade paraffin (RT44HC) was employed as thermal storage
material in shell container and water was utilised as HTF in tube passes. Parametric
investigations were conducted focusing on the influence of number of tube passes and
their orientation in shell container, geometrical dimensions of longitudinal fins,
construction material for shell, tubes and fins, and operating conditions to determine an
optimum design solution for LHS system. Transient numerical simulations presented
that with an increase in tube passes from 9 — 21, the effective surface area for heat
transfer was significantly enhanced and consequently, a dominant conduction heat
transfer was generated across shell container. It was noticed from transient simulations
of charging cycles at constant inlet temperature of 62 °C that the melted fraction of
paraffin was significantly increased from 65.72% — 98.25% as the tube passes was
increased from 9 — 21, respectively. Moreover, it was noticed that as compared to no
fins orientation, the charging rate of paraffin in shell container was increased by 69.75%
as compared to proposed longitudinal fins orientation. Furthermore, the geometrical
dimensions of longitudinal fins were found to be crucial to optimal thermal
performance. Parametric investigations indicated that longitudinal fins length have more
profound impact on phase transition rates as compared to fins thickness. The effective
surface area for heat transfer was increased as the longitudinal fins length was increased
from 12.70 mm to 38.10 mm and consequently, the melted fraction of paraffin was
significantly increased from 64.34% to 96.86% while charging at constant inlet
temperature of 62 °C for 2 hours. Similarly, it was noticed that with an increase in
longitudinal fins thickness from 1 mm to 4 mm, the overall thermal storage capacity
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was reduced from 10.919 MJ to 10.292 MJ. Subsequently, the optimum length and
thickness of longitudinal fins were determined as 38.10 mm and 1.5 mm, respectively.
Also, the numerical simulations indicated that due to higher thermal conductivity of
copper as construction material, the melting rate was enhanced by 23.68% as compared
to steel. Therefore, copper was selected as construction material for shell, tubes and
longitudinal fins. Moreover, it was noticed that with an increase in inlet temperature of
HTF, the temperature gradient between paraffin in shell container and water in tube
passes was enhanced and consequently, the phase transition rate and sensible portion of
thermal energy storage was increased. For instance, with an increase in inlet
temperature from 52 °C — 62 °C, the overall enthalpy was increased from 10.16 MJ —

11.06 MJ, respectively.

Moreover, the impact of natural convection on phase transition rate and vertical
temperature distribution in shell container was simulated. It was noticed that the
proposed design of shell and tube heat exchanger with multiple passes and longitudinal
fins did not interrupt the impact of buoyance driven natural convection on phase

transition rate of paraffin in shell container.

o To develop mathematical model and conduct transient numerical simulations

on nano-additives enhanced thermal storage material

These conclusions are based on the numerical analyses conducted in Chapter 3 and 4. In
order to develop nano-additives enhanced thermal storage material, a numerical model
was developed and simulated to examine the influence of various nano-additive
material, particle size, volume concentration and operating temperature on overall
thermal performance enhancement of LHS system. Transient numerical simulations
were conducted to examine the influence of effective thermal conductivity and effective
dynamic viscosity on phase transition rate. Due to higher thermal conductivity and
lower particle size of GNP nano-additives, the effective thermal conductivity and
dynamic viscosity was significantly enhanced with an increase in volume concentration
from 1% — 5%. It was noticed that as compared to pure paraffin, the effective thermal
conductivity for GNP based nano-additives with 5% volume concentration was
increased by a fraction of 22.5% and consequently, the phase transition rate was
significantly enhanced. However, due to an increase in dynamic viscosity with inclusion

of nano-additives, the effective dynamic viscosity was improved which provided
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resistance to natural convection. Therefore, the optimum enhancement in phase
transition rate was influenced. Besides the enhancement in phase transition rate, the
effective density and overall weight of LHS system was significantly increased with
inclusion of Al,O3 and AIN nano-additives, due to their relatively higher density as
compared to GNP nano-additives. Similarly, the overall enthalpy was reduced with
inclusion of nano-additives. For instance, as compared to pure paraffin case, the overall
enthalpy was reduced by a fraction of 20.58%, 19.64% and 2.88% for Al>Os3, AIN and
GNP based nano-PCM samples with 5% volume concentration. Hence, the numerical
analyses indicated that GNP nano-additives are preferable to be incorporated in base
paraffin due to their relatively lower effective weight, higher phase transition rate and

higher overall enthalpy of LHS system.

o To design, develop and commission an experimental setup to analyse thermal

performance of novel LHS system coupled with flat plate solar collector

These conclusions are based on the experimental analyses conducted in Chapter 5 and 6.
Based on numerical analyses, the proposed design of shell and tube heat exchanger with
multiple passes and longitudinal fins was fabricated and commissioned with flat plate
solar collector. Paraffin (RT44HC) was employed in shell container and water was
utilised to circulate in tube passes to transfer thermal energy gained at solar collector to
paraffin in shell container. Several charging and discharging cycles were experimented
at varied operating temperatures and volume flow rates of inlet water to examine the
effects on temperature distribution in paraffin in shell container, effective modes of heat
transfer, charging/discharging rate, accumulative thermal energy storage/discharge and
mean charging/discharging power. It was deduced that the natural convection
significant influenced phase transition rate during charging cycles whereas, the
influence was not minimal during solidification rate. Likewise, the longitudinal fins had
successfully augmented the charging and discharging rate of paraffin in shell container.
It was noticed that due to natural convection influence on charging cycles, the phase
transition rate at top position of shell container was 65.21% and 113.04% higher than
central and bottom position, respectively. Likewise, with an increase in inlet
temperature from 52 °C to 67 °C, the mean charging rate and mean charging power was
enhanced by 50.08% and 69.71%, respectively. Moreover, with an increase in volume
flow rate from 1.5 I/min to 3.0 I/min, the charging rate and mean charging power was
improved by 30.98% and 24.39%, respectively. Furthermore, the discharging cycles at
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varied operating conditions demonstrated conduction as dominant mode of heat transfer.
It was noticed that with a reduction in inlet temperature from 15 °C to 5 °C, the
discharging rate and mean discharging power was augmented by 48.11% and 36.08%,
respectively. Likewise, the heat transfer rate between paraffin in shell container and
water in tube passes was increased with an increase in volume flow rate from 1.5 I/min
to 3.0 I/min. Hence, the discharging rate and mean discharging power was enhanced by
a fraction of 24% and 26.49%, respectively. Therefore, it was proved from experimental
investigations that the required charging/discharging rate, accumulative thermal energy
storage/discharge and mean charging/discharging power demands for practical
applications can be achieved by regulating inlet temperature and volume flow rate of

water.

o To conduct experimental analyses of nano-additives enhanced thermal

storage material

These conclusions are based on the experimental analyses conducted in Chapter 5 and 6.
Nano-additives enhanced paraffin samples were prepared using ultrasonic
emulsification technique and experimentally investigated in a shell and tube heat
exchanger at varied inlet temperatures and volume flow rates. Nano-PCM samples were
loaded in shell container whereas, water was channelled in tubes to conduct a series of
charging and discharging cycles. An optimum volume concentration for nano-additives
was identified by investigating three samples of Al>O3 nano-additives enhanced paraffin
with volume concentration of 1%, 3% and 5%. It was noticed that while charging at
inlet temperature of 47 °C, the charging rate for nano-PCM samples were increased by a
fraction of 3.75%, 55.41% and 56.25% as compared to pure paraffin, respectively.
Similarly, while discharging at inlet temperature of 15 °C, the discharging rate was
increased by 28.45%, 39.05% and 39.52% as compared to pure paraffin. Hence, it was
evident from experimental results that with an increase in volume concentration from
3% to 5%, the phase transition rate was only slightly improved. Therefore, it was
deduced that the volume concentration of nano-additives should not exceed 3% for an
optimum thermo-physical performance of LHS system. Similarly, for constant volume
concentration of nano-additives, GNP based nano-PCM sample demonstrated relatively
higher phase transition rate as compared to Al>O3 and AIN based nano-PCM samples.
For instance, while charging at inlet temperature of 57 °C, the charging rate for Al>Os,
AIN and GNP nano-additives based nano-PCM samples were improved by 28.01%,
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36.47% and 44.57% as compared to pure paraffin, respectively. Similarly, the
discharging rates were augmented by 14.63%, 34.95% and 41.46% as compared to pure
paraffin, respectively. Thus, for optimal thermo-physical performance enhancement of
LHS system, GNP nano-additives enhanced paraffin with volume concentration not

exceeding 3% was recommended.

o To conduct numerical simulations on coupled thermal performance

enhancement techniques

These conclusions are based on the numerical analyses conducted in Chapter 7.
Transient numerical simulations were conducted on proposed design of shell and tube
heat exchanger with multiple tube passes and longitudinal fins with GNP nano-additives
enhanced paraffin as thermal storage material. It was deduced that with coupled thermal
performance enhancement the phase transition rate was enhanced by 75.46% as
compared to no longitudinal fins orientation with pure paraffin. Therefore, in order to
increase practical utilisation of LHS system in both domestic and commercial
applications, the proposed coupled thermal performance enhancement techniques
should be implemented to achieve the required thermal energy demand.

The main research question is successfully addressed by devising a numerical and
experimental methodology to design, develop and commission a novel geometrical
orientated heat exchanger with nano-additives enhanced thermal storage materials based
thermal storage system for low temperature domestic and commercial applications;
featuring higher charging/discharging rate, higher thermal storage capacity and higher
mean charging/discharging power for sustaining continuous generation of desired

mechanical power or heat.

8.2 Future work

In future work, the proposed design of heat exchanger with nano-additives enhanced
paraffin is needed to be experimentally examined with an integration into ORC to
observe the real time generation of mechanical power during off-peak solar hours. In
ORC, water will be replaced with HFE 7000 to product the mechanical power at rotary
expander. LHS system will be employed to either supplement solar collector or replace
it during off-peak solar hours to maintain continuous and low cost mechanical power.
Also, the thermal performance of LHS system during charging and discharging cycles

with HFE 7000 as working HTF require experimental investigations. In next stage,
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nano-additives enhanced thermo-fluids should be employed to gain an optimum
advantage from solar energy gain at collector, storage in proposed LHS system and
generation of mechanical power at rotary expander. Also, the proposed LHS system
should be experimentally tested with an integration to heat recovery systems and
building heating systems to perform energy management, peak-shaving and to analyse

the reduction profile in building natural gas and electricity cost.

Furthermore, experimental analyses are required to validate the thermal performance of
proposed LHS system in series and parallel configurations for generating higher thermal
storage capacity to produce higher mechanical power for longer period of time.
Moreover, in order to meet higher outlet temperature demands in practical applications,
the higher phase transition temperature paraffin such as RT70HC, RT80HC, RT90HC,
etc. are required to be employed in shell container to conduct experimental analyses at
varied operating conditions. To achieve long-term thermo-physical stability and
compatibility with construction materials, paraffins were selected. However, to achieve
further reduction in initial capital cost of LHS system, salt hydrates with good thermo-
physical stability and compatibility with copper heat exchanger and containers (i.e.
CaClz. 6H20) need to be employed and experimentally analysed. For corrosive salt
hydrates, the encapsulation technique for thermal performance enhancement should be

adopted to improve long-term practical utilisation in varied applications.

For mass production and commercialisation, the construction and manufacturing
techniques are recommended to be reconsidered and standardised to reduction
production cost and time, and increase precision. The components of LHS system are
also recommended to be standardised to achieve widespread and long-life utilisation in
both domestic and industrial application. Moreover, a control system should be devised
and developed to operate the proposed LHS system by considering weather forecast,
building energy demands, electricity and natural gas peak-shaving profiles in a control
algorithm to arrange an optimised management strategies for timely charging and

discharging of LHS system.

Also, the understanding and possibility of utilising LHS system for cold storage and/or
seasonal storage with an integration to geothermal heat pump is an interesting research
area for future work. CFD analyses are recommended for conducting initial feasibility

examination.
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Abstract

Phase change materials (PCM) with their high thermal storage density at almost isothermal conditions
and their availability at wide range of phase transitions promote an effective mode of storing thermal energy.
Literature survey evidently shows that paraffins and salt hydrates provide better thermal performance at
competitive cost. This review paper is focused on the classification of various paraffins and salt hydrates. To
acquire long term productivity of LHS system, the thermo-physical stability of both paraffins and salt hydrates;
and their compatibility with various plastic and metallic container materials play a vital role. Likewise, the
lower thermal conductivity of PCMs affects the thermal performance of LHS system. This article reviews the
various thermo-physical performance enhancement techniques such as influence of container shape and its
orientation, employment of fins and high conductivity additives, multi-PCM approach and PCM encapsulation.
The performance enhancement techniques are focused to improve the phase transition rate, thermal
conductivity, latent heat storage capacity and thermo-physical stability. This review provides an understanding
on how to maximize thermal utilization of PCM. This understanding is underpinned by an analysis of PCM-

Container compatibility and geometrical configuration of the container.
Keywords

Thermal energy storage, Latent heat, Phase change materials, Thermal stability, Heat transfer
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1. Introduction

The continuous and expeditious rise in worldwide economic development is followed up by a strong
demand of continuous supply of energy. Energy generated from fossil fuel have fulfilled and served human
needs for a long era. However, the fossil fuel resources are limited and due to their fluctuating pricings, the
availability of uninterrupted supply of energy is highly uncertain. Moreover, the higher use of conventional
fossil fuel is responsible for immense damage to environment, due to emission of harmful gases and impurities
in air that leads to recent global warming. These serious challenges have motivated engineers and scientists all
over the world to develop technologies to utilize sources of renewable energy so as to avert from technologies
that cause environmental hazards, high cost for energy generation and avoid establishing new costly power

plants.

Thermal energy storage (TES) system is considered a very critical technology, which possess a great
adaption to renewable energies. The storage of excess energy that would otherwise be wasted could work as to
bridge the gap between energy requirements and generation. Solar thermal energy can be stored during solar
peak hours and it can be utilized during off peak hours/night times, using TES system. Likewise, both in cold
and hot climates, electricity consumption varies significantly during day and night timings, due to space heating
and air conditioning. Therefore, an effective power consumption management can be achieved by using TES

system to store the thermal heat or coolness in off peak loads hours and use it during peak loads hours.

The unpredictable and varying nature of renewable energy affects the supply and demand gap of energy,
which can be sorted by adopting robust and responsive energy storage technique. However, the speedy energy
storage and its reclamation has been a major challenge. TES can be classified into sensible heat storage (SHS),
latent heat storage (LHS) and thermo-chemical categories of heat storage systems. SHS is the most commonly
exercised method, e.g. water and rock bed are used to store heat in solar heating systems and in air based heating
systems, respectively. However, LHS system is considered the most promising technique for storing thermal
energy due to their wide range of availability of PCMs, higher thermal storage density and almost isothermal
operation of thermal storage/retrieval. Morrison [1] and Ghoneim [2] reported that to store equal amount of
thermal energy from a unit collector area, the storage mass for rock (SHS) will be seven times to that of paraffin

116 wax (LHS), five times to that of medicinal paraffin (LHS) and eight times to that of Na>SO4.10H>O (LHS).

Telkes and Raymond were the pioneers to investigate PCMs in 1940s. However, PCMs were ignored
until the energy crisis in late 1970s and early 1980s, which motivated scientists to explore the usage of PCMs in
solar heating systems and other applications. Since then, a good amount of research has been carried out to
assess the thermal performance of PCMs in LHS system. Research has explored the design fundamentals,
transient behaviour, system optimization and various field applications of PCMs in LHS system. Although, LHS
system is more promising than SHS but it lacks practical applications due to low thermal conductivity, poor
thermo-physical stability, corrosive nature of PCMs towards its container material, phase segregations and

subcooling, irregular melting, volume variation during phase transition and higher cost.

The flexibility of PCM to store and retrieve thermal energy at desired time enables it to be employed in
broad range of practical applications. A number of comprehensive review articles have been published with a
focus on the encapsulation of PCMs; their different types and techniques, encapsulate materials and their

utilization in concentrated solar power plants, heat recovery systems, solar thermal heating systems and various
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passive residential thermal control applications [3-5]. In recent years, a considerable amount of research has
been conducted in identification of various novel PCM composites which possess enhanced form-stability,
thermal conductivity and thermal storage density [6-8]. Similarly, metal matrix and metal nanoparticle based
phase change composites have presented better thermal conductivity than the typical PCMs and thus it indicates

a new paradigm for TES systems [9].

This review paper is focused on classification and selection of PCMs for LHS system. A comprehensive
review of organic paraffins and inorganic salt hydrates is presented as these groups of PCMs possess high phase
change enthalpy, sharp melting point, cost effectiveness and abundant availability. Also, both paraffins and salt
hydrates are the most studied and commercially used groups of PCMs. For long term utilization of LHS system,
it is essential that the PCMs should possess long term thermo-physical stability and hold a good compatibility
with container material. This review article presents the thermo-physical stability of paraffins and salt hydrates;
and their compatibility with various plastic and metallic containers. Due to low thermal conductivity of organic
and inorganic PCMs, the productivity of LHS system during thermal energy storage and retrieval is highly
affected. This article reviews the performance enhancement techniques such as the effect of container
configurations, inclusion of extended surfaces and fins, additives for enhancing thermal conductivity, employing
multi-PCMs and encapsulation of PCMs. This review will help in selecting reliable PCM and compatible
container material, with efficient geometric configurations to achieve maximum thermal utilization of PCM

based LHS system.

2. Classification of latent heat storage materials

LHS system uses PCM as thermal energy storage medium. Thermal energy transfer occurs when PCM is
melted from solid to liquid or solidified from liquid to solid. During the phase transition of PCM, thermal
energy is stored or retrieved. PCM phase transition occurs at nearly constant temperature and unlike sensible
storage medium such as water, rocks or masonry; PCM captures 5-14 times more heat per unit volume. Plenty
of research is carried out in identifying several groups of suitable PCMs . The selection of PCM for thermal
storage system shall possess desirable thermo-physical, chemical, kinetic and economic properties, as

summarized in Table 1.

Table 1

Key design properties of PCM for storage purposes.

Thermal Physical Chemical Kinetic Economic
Appropriate phase Low vapour Compatible with container High Cost
transition temperature  pressure (<1 bar) material crystallization rate  effective
High latent heat of High density and Long term chemical cycling  High nucleating Abundant
fusion and specific small volume stability rate to avoid

heat change supercooling

High thermal High phase Highly non-flammable, non- Available
conductivity stability toxic and non-explosive

For the past four decades, an extensive research is carried out in identification of various nature of PCMs

in a wide range of phase transition temperature and latent heat of fusion including organic materials (e.g.
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104 paraffins, fatty acids), inorganic materials (e.g. salt hydrates, metallic) and eutectics (e.g. mixture of organic-
105 organic, inorganic-inorganic and organic-inorganic materials). Each group of PCMs have their own properties,
106 strengths and limitations. Table 2 shows the detail comparison of various groups of PCMs. It is evident from

107 table 2 that paraffins and salt hydrates can provide a better thermal energy storage medium than others.

108 Paraffins are made up of mixture of alkanes of type C,Hans2. They possess almost similar properties and
109 an increase in chain length ensure higher melting point and latent heat of fusion [10, 11]. Paraffins are widely
110 used as thermal energy storage medium due to their good latent heat values (60 - 269 kJ/kg and = 150 MJ/m?),
111 varied range of phase transition temperature, low vapour pressure, chemical stability and inert to metal
112 containers, no tendency to supercooling and commercially available in reasonable cost. Paraffins are nontoxic
113 [11, 12]. Table 3 presents the list of thermo-physical properties of paraffins studied by many researchers and
114 commercially manufactured. Besides various favourable properties, paraffins also have some undesirable
115 characteristics which limit applications such as: low thermal conductivity (= 0.2 W/mK) and incompatibility

116 with plastic containers [11, 13-15].

117 Salt hydrates are compounds of inorganic salt and water of general formula AB.nH,O. Solid-liquid
118 transitions of salt hydrates are actually the dehydration and hydration of salt. Salt hydrates are extensively
119 studied and most important group of PCMs, due to their high latent heat of fusion per unit volume (86 - 328
120 K/kg and = 350 MJ/m?), higher thermal conductivity than paraffins (= 0.7 W/mK) and cheaper cost than
121 paraffins [16]. However, during melting of salt hydrates some anhydrous salt or lower hydrates and water
122 formation takes place and due to difference in densities the anhydrous salt (or lower hydrates) settles at the
123 bottom of the container reducing the active volume of heat storage. Salt hydrates also experience supercooling
124 because of their poor nucleating properties. Moreover, some salt hydrates are corrosive towards container
125 materials [15, 17]. Table 4 presents the thermo-physical properties of salt hydrates found in literature and some

126  of the manufacturing companies.
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Table 3

Thermo-physical properties of Paraffins

Latent Specific heat Thermal
Melting  Heat of Capacity C, Conductivity
Point Fusion (kJ/kg K) (W/m. K) Density (kg/m*) Thermal

Type of PCM Ref. (*C) (kJ/kg) Solid Liquid Solid Liquid Solid Liquid Cycles
Dodecane [15] -9.6 216 2.21
RT-9HC [18] 9 260 2 0.2 0.2 880 770
RT 0 [18] -1 225 2 0.2 0.2 880 770
RT3 HC [18] 3 200 2 0.2 0.2 880 770
n-Tetradecane [12] 6 230

[15] 5.8-59  258-227 0.21
RT 8 HC [18] 8 200 2 0.2 0.2 880 770
RT 10 [18] 10 190 2 0.2 0.2 880 770
Paraffin C15 [11] 10 205
n-Pentadecane [15] 10 1939 770
Paraffin Cy¢ [11] 16.7 237.1
RT 18 HC [18] 18 250 2 0.2 0.2 880 770
n-Heptadecane (Ci7 Hzs) [19] 18.4 84.7 3000

[12] 19 240 0.21 760
Paraffin Cy7 [11] 21.7 213

[12, 20,
Paraffin Ci6-Ci3

21] 20-22 152
Paraffin Cj3-Cas [12,20] 22-24 189 0.21 900 760
RT 25 HC [18] 22-26 230 2 0.2 0.2 880 770
n-Octadecane [22,23] 277 243.5 2,14 2.66 0.19  0.148 865 785
RT 28 HC [18] 27-29 245 2 0.2 0.2 880 770
Paraffin Cjg [11,12,

20] 28 244 0.15 0.148 814 774
n-Octadecane [15] 28 245 0.358 0.148 814 719
RT 28 HC [18] 28 245 2 0.2 0.2 880 770
Paraffin Cyy [11] 32 222
Paraffin wax [21,24] 32 251 192 326 0514 0224 830
RT 35 HC [18] 35 240 2 0.2 0.2 880 770
Paraffin Cy [11] 36.7 246

155.5-
Heneicosane [15] 40 213 778
Heptadecanone [11] 41 201
Paraffin Cs—Cag [12] 42-44 189 0.21 910 765
RT 44 HC [18] 44 255 2 0.2 0.2 880 770
Page | 8
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196.5-
Docosane [15] 44 252
Paraffin (70 wt%) +
Polypropylene (30 wt%) [25] 44.77 136.16 3000
[2,21,
P116-Wax 22] 46.7 209 289  2.89 0.14 0277 786
Paraffin (Cz22 Haay) (TG) [26] 47.1 166 900
3-Heptadecanone [11] 48 218
Paraffin Cz — Ca3 [12,20] 48-50 189 0.21 912 769
9-Heptadecanone [11] 51 213
Paraffin wax 53 (CG) [26,27] 53 184 2.05 1500
Paraffin wax 54 (CG) [28] 53.32 184.48 1500
RT 55 [19] 55 172 2 0.2 0.2 880 770
Paraffin Caze [11] 56.3 256
Paraffin (Ca32 Hasa) (TG)  [26] 57.1 220 900
Paraffin wax 60-62 [28] 57.78 129.7 600
Paraffin wax 58-60 [28] 58.27 129.8 600
Paraffin Cz — Cus [12,20] 58-60 189 0.21 920 795
RT 64 HC [18] 64 230 2 0.2 0.2 880 780
Paraffin wax [17] 64 173.6 0.346  0.167 916 790
Paraffin Cz1 — Cso [20] 66-68 189 0.21 930 830
RT 70 HC [18] 69-71 260 2 0.2 0.2 880 770
Paraffin Cs;3 [11] 739 268
Paraffin Cs), [11] 759 269
Paraffin natural wax 811 [15] 82-86 85 0.72
Paraffin natural wax 106 [15] 101-108 80 0.65
Polyethylene [12] 110-135 200 9110 870
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Table 4
Thermo-physical properties of Salt Hydrates
Latent Thermal
Melting  Heat of Conductivity Density
Point Fusion (W/m. K) (kg/m?) Thermal

Type of PCM Ref. (°C) (kJ/kg) Solid Liquid  Solid Liquid Cycles
SN 33 [12] -33 245
TH 21 [12] 221 222
SN 18 [12] -18 268
SP-13 [18] -13 300 0.6
STLN 10 [12] -11 271
SN 06 [12] -6 284
SLT3 [12] -3 328
LiClO;-3H,0 [12, 29] 8 253 1720 1530
CCLE.17H,0O [30] 8.5 210 100
K;HPO4 6H,0O [11] 14 109
NaOH3; 5H,O [31] 15 5650
Na,SO4 1/2NaCl 10HO [31] 20 5650
FeBrs;-6H,0 [11] 21 105
SP21E [18] 21-23 160 0.6 1500 1400
Mn(NO3)-6H.0 [20, 32] 259 1738
SP26E [18] 25-27 200 0.6 1500 1400
CaCly- 12H>0 [11] 29.8 174
TH 29 [15, 32] 29 188 1.09
Calcium chloride hexahydrate  [29, 33] 29.8 190.8 1.088 0.54 1802 1562 1000
(CaCl; 6H,0) [34] 23.26 125.4 1000

[31] 27 5650

[35] 28 86 1000
LiNO3 3H,0O [20, 29, 32] 30 296
LiNO3 2H,O [11] 30 296
SP 31 [18] 31-33 220 0.6 1300 1100
Na>S0O4-3H,0 [20] 32 251
Glauber’s salt (Na,SO4 [36] 32.4 238 320
10H,0) [20, 31] 32 254 0.554 1485 1458 5650
Na>COs- 10H,O [12] 32-36 246.5
CaBr»-6H20 [12,37] 34 115.5 1956
LiBr,-2H,0 [11] 34 124
Na;HPOs- 12H,0 [20, 29] 35-44 280 0.514 1522
Zn(NO3)» 6H,0 [11,12,37] 36 147 0.469 1937 1828
FeCl;-6H,O [12] 37 223
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Mn(NOs)-6H:0 [11] 37.1 115 1738
CoS0y4-7TH20 [11] 40.7 170
KF-2H,O [11] 42 162
Mgl 8H.0 [11] 42 133
Cal,-6H>0 [11] 42 162
KoHPO4-7TH20 [11] 45 145
Ca(NOs3)2-4H,0 [11,20] 47 153
Zn(NO3);-4H,O [11,12] 45-47 110
STL 47 [12,20] 47 221 1.34
Mg(NOs)-2H,0 [11] 47 142
Fe(NOs)2-9H,0 [11] 47 155
Na>SiOs-4H,0 [11] 48 168
K.HPO4-3H,0 [11] 48 99
NaxS:0s3-5H.0 [12, 15,20] 48-49 201-210 1750 1670
MgSO0,-7H.0 [12,20] 48.5 202
Ca(NOs3);:3H-0 [11] 51 104
FeCls-2H20 [11] 56 90
Ni(NO3)2- 6H,O [11] 57 169
SP 58 [18] 56-59 250 0.6 1400 1300
MnCl;-4H,O [11] 58 151
MgClz-4H,O [11] 58 178
Na(CH3;COQO)-3H.0 [12, 15,20] 58 264-267 0.63 1450 1280
Sodium acetate trihydrate [38] 58 230 500
(NaCH3COO.3H,0) [39] 58 252 100
Fe(NOs),-6H,0 [11,20] 60 126
NaOH [12,20] 64.3 227.6 1690
NazPO4- 12H>0 [11,12] 65-69 190
ClimSel C70 [12,20] 70-71 194 0.7 0.5 1400 1400
NayP,07- 10H,O [12,20] 70 184
LiCH;COO-2H-0 [11] 70 150
E72 [15] 72 140 0.58
SP 70 [18] 69-73 150 0.6 1500 1300
Al(NO3)2-9H.0 [11] 72 155
Ba(OH).-8H0 [20, 29, 37] 78 265-280 1.225  0.653 2070 1937
E 83 [15] 83 152 0.62
Mg(NOs)2-6HO [15,20, 37] 89 162.8 0.611 0.49 1636 1550
TH 89 [12, 15] 89 149
SP 90 [18] 88-90 150 0.6 1650
KAI(SO4),- 12H-0 [11] 91 184
(NH4)AI(SOy4)-6H,0 [12] 95 269
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Magnesium chloride [12, 40] 111.5 155.11 0.704  0.694 1569 1450 500
hexahydrate (MgCl» 6H,0) [41] 110.8 138 1000
E 117 [15] 117 169 0.7
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3. Long term stability of PCMs

Long term useful life of LHS system is limited by poor thermo-physical stability of PCM and corrosion
between PCM and its container material. In last two decades, many researchers have indicated the importance of
long term stability of PCM-container system [12, 14, 17]. Murat and Khamid [15] suggested that prior to
commercial development; the PCMs should be subjected to at least 1000 thermal cycles to examine the long
term stability. In this section, a detail review is carried out on thermal stability and corrosion behaviour of

various PCM-container materials.

3.1 Thermo-physical stability of PCM

In this section, the thermal stability of paraffins and salt hydrates has been reviewed.

3.1.1 Paraffins

Sari et al. [19] investigated thermal stability of microencapsulated n-heptadecane for 5000 melt-freeze
cycles. Perkin Elmer Diamond DSC (Differential scanning calorimeter) and electric hot plate setup were used as
thermal and cycling equipment. They observed good stability of thermo-physical properties of
microencapsulated n-heptadecane as the melting point and latent heat of fusion before and after the 5000

thermal cycles varied from 18.4-18.9 °C and 84.7-94.5 kJ/kg, respectively.

Alkan et al. [25] conducted 3000 thermal cycles of paraffin and polypropylene composite. Setaram DSC
131 and electric hot plate setup were used as thermal and cycling equipment. The results from DSC depicted a
small variation in melting point and latent heat of fusion of paraffin within the composite from 44.77-45.52 °C
and 136.16-116.12 kJ/kg, respectively. It was deduced from stability tests that the composite can be used for

solar heating applications.

Hadjieva et al. [26] studied variation in thermo-physical properties of three technical grade hydrocarbons
Ca2Hag1, Coz2Hap4 and Coy7Hs1 3. DSC with Mettler TA 3000 system and thermostatic bath setup were used to
conduct 900 thermal cycles. Cay2Has1 showed a stable behaviour to thermal cycles with a minor change in
melting point and latent heat, from 47.1-46.6 °C and 166-163 kl/kg, respectively. Likewise, C»3,H404 displayed
no degradation in the thermo-physical properties after 900 thermal cycles. The change in phase transition
temperature and latent heat were negligible, such as from 57.1-57.8 °C and 220-224 kl/kg, respectively.
Whereas, Cy47Hs13 degraded abruptly showing low latent heat capacity and noticeable change in phase
transition range. Because of cheap price and highest enthalpy, Ca32Ha04 was proposed an efficient material for

LHS system.

Shukla et al. [28] evaluated three paraffin waxes of different temperature specified as sample A (m.p 58-
60 °C), sample B (m.p 60-62 °C) and sample C (m.p 54 °C). Rheometric scientific Itd. DSC and oven were used
to conduct 600 thermal cycles for sample A and B, whereas, sample C was examined for 1500 thermal cycles.

DSC results indicated significant degradation in transition temperature and enthalpy of sample A and B.
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However, sample C was most stable even after 1500 thermal cycles and was proposed as a good PCM for LHS

system.

Sharma et al. [42] examined commercial grade paraffin wax 53. Rheometric scientific 1td. DSC and
electric hot plate setup were used to conduct 300 accelerated melt-freeze cycles. Paraffin wax was found to be
stable PCM with a small change in latent heat of fusion, from 184-165 kJ/kg. Later on, the same PCM was
investigated for 1500 thermal cycles [27]. The results from DSC showed a slight change in melting point (53-50

°C), whereas, a noticeable change was observed in latent heat (184-136 kl/kg).

Table 3 provides detail list of paraffins along with their transition temperature, latent heat of fusion,
thermal conductivity, density and thermal cycles. The experimental results show that thermo-physical properties

of paraffins do not degrade after repeated thermal cycles.

3.1.2  Salt Hydrates
Calcium chloride hexahydrate (CaCl;.6H>O) is the most studied PCM in salt hydrates group. CaCl,.6H,O
experiences continuous phase separation and causes either formation of CaCl,.4H»O or other hydrates, with

repeated thermal cycles, which settle down in the container.

Kimura and Kai [33] examined thermo-physical stability of CaCl,.6H>O using Perkin elmer DSC and
two tubes heat exchanger for carrying 1000 thermal cycles. They used excess water to control the formation of
other hydrates and to increase solubility. NaCl was mixed for its good nucleating potentials. The mixture was
tested for 1000 thermal cycles. They noticed a good repeatability of thermo-physical properties and no phase

separation.

Fellechenfeld et al. [35] used strontium chloride hexahydrate as nucleating agent and silica gel as
thickener in CaCl,.6H2O. They used Mettler DSC and water bath setup for performing 1000 thermal cycles.
They noticed no phase separation and no degradation of thermo-physical properties. Also, Tyagi et al. [34]
examined the thermal stability of CaCl,.6H20, using TA Instruments DSC Q-100 to perform 1000 accelerated
thermal cycles of cooling and heating and observed a small variation in latent heat of fusion but stability in

transition temperature.

Marks [36] evaluated the thermal stability of pure Glauber’s salt (Na2SO4.10H,O) and thickened one.
Attapulgite clay was employed as thickener and Borax (Na:B4O7.10H.0) was mixed as nucleating agent.
Calorimeter and thermal cycling chamber were used to conduct 320 thermal cycles on both pure and thickened
Glauber’s salt. It was deduced from thermal cycles that thermo-physical properties of pure Glauber’s salt
degrade quicker than thickened mixture. However, it was reported that due to declination in thermal capacity,

both pure and thickened Glauber’s salt were rejected for long term LHS system.

Porisini [31] evaluated thermal stability of commercial grade salt hydrates specified as sample A
(NaOH.3.5H,0), sample B (Na»SO4.*2NaCl.10H»O), sample C (CaCl,.6H»>0O) and sample D (Na:SO4.10H,0).
He used thermostatic chamber to conduct 5650 thermal cycles on each sample. Sample A and sample B failed
after 10 and 300 thermal cycles, respectively. Sample D also experienced declination in thermal properties after

100 thermal cycles. However, sample C showed good thermo-physical stability even after 5650 thermal cycles.
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Kimura and Kai [30] investigated thermal stability of Trichlorofluoromethane heptadecahydrate
(CCI:F.17H:0). Polyacrylamide was added as thickener and Tetrabutyl ammonium fluoride hydrate was added
as nucleating agent. Perkin elmer DSC and glass beaker with water jacket were used to carry 100 thermal cycles
of the mixture. The PCM showed good thermal stability and it was concluded that it can be used for coolness

storage.

Wada et al. [38] conducted thermal stability test of three samples of sodium acetate trihydrate specified
as guaranteed grade, technical grade and technical grade with added thickener. Polyvinyl alcohol and sodium
pyrophosphate decahydrate were added as thickener and nucleating agent. Calorimeter and thermal bath were
used to carry 500 thermal cycles on each sample. It was reported that enthalpy capacity of guaranteed grade
sample degrade comparatively quicker than technical grade sample. It was also observed that technical grade
with thickener sample experienced little declination in thermo-physical properties during thermal test. Kimura
and Kai [39] also tested 220g of same sodium acetate trihydrate which was examined by Wada et al [38].
Disodium phosphate was used as nucleating agent and excess water to increase solubility. They prepared four
samples of different ratio of water. They observed phase separation for all four samples and no noticeable
improvement in stability of hydrate because of excess water. They concluded that due to severe phase
separation, this hydrate cannot be considered as a material for LHS system. The conclusion made by Wada et
al. [38] and Kimura and Kai [39] comes in contradiction. The reason for phase separation might be because of

the small amount of sample (30g) taken by Wada et al. [38] in comparison to Kimura and Kai [39].

Sebaii et al. [40] conducted thermal stability and container material compatibility tests of commercial
grade magnesium chloride hexahydrate (MgCl,.6H20). Shimadzu DSC- 60 and Heraeus D-6450 electric oven
were used to carry out 500 thermal cycles and SEM for compatibility test. It was noticed that MgCl,.6H>O
experienced phase segregation in unsealed container even with excess water and was not compatible with
container material (aluminium or stainless steel). The changes in transition temperature (111.5-124.12 °C) and
latent heat of fusion (155.11-85 kJ/kg) were significant and thus it could not qualify to be used as thermal
storage material. Later on, the same researcher investigated thermal stability for 1000 thermal cycles of
MgCl,.6H>O with sealed container and excess water [41]. It was observed that sealing of container and excess
of water improved thermo-physical stability with slight change in transition temperature (110.8-115.39 °C) and
latent heat of fusion (138-130.28 kJ/kg).

Table 4 provides detail list of salt hydrates along with their transition temperature, latent heat of fusion,
density and thermal cycles. The experimental results show that salt hydrates need nucleating agents and

thickeners to sustain long term thermal stability.

3.2 Container-PCM compatibility
For long term stability of LHS system, the compatibility between selected PCM and its container

material is considered very important.

Lazaro et al. [43] evaluated the compatibility of four commercial organic PCMs (C16-C18, RT20,
RT25 and RT26) and one inorganic PCM (TH24) against plastic materials (PP, LDPE, HDPE and PET). During

ten months of experimental investigations, through visual inspection and gravimetric analysis, moisture sorption
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and migration of organic PCM in plastic containers were detected. The results depicted that due to highest mass
variation in LDPE encapsulation, it was discarded against all PCMs. PET encapsulates material produced good
mass stability against C16-C18, RT 20, RT 25 and RT 26. However, PP, PET and LDPE indicated increase in
material mass due to moisture sorption during TH 24 molten salt test and therefore only HDPE encapsulate

material were recommended.

Cabeza et al. [44] tested the corrosive nature of zinc nitrate hexahydrate (Zn(NO3),.6H>O), sodium
hydrogen phosphate dodecahydrate (Na;HPO4.12H>0) and calcium chloride hexahydrate (CaClz. 6H20) upon
short term 14 days contact with metals. They observed that apart from stainless steel (Mat. No.1.4301),
Zn(NO3)2.6H20 appeared to be extremely corrosive to brass (Ms58 Flach), steel (Mat. No. 1.0345), aluminium
(EN AW-2007) and copper (E-Cu 57). Na;HPO4.12H>O proved to be compatible with brass, copper and
stainless steel, whereas, it was found very corrosive against aluminium. CaCl,. 6H>0 was found compatible with

brass and copper, while it was very corrosive against aluminium, stainless steel and steel.

Cabeza et al. [45] investigated the corrosive nature of same three salt hydrates, as in [44], upon medium
term 75 days contact with metals. They reported that while using Zn(NO3)>.6H,O as thermal energy storage
medium only stainless steel should be considered for container material. Na;HPO4.12H,O showed good
compatibility with brass and stainless steel. Aluminium indicated aggressive corrosion, whereas, copper and
steel corrode at slow rate. CaCl,.6H,O was observed to have good compatibility with copper, brass and stainless

steel but can corrode steel and aluminium at slow rate.

Cabeza et al. [46] conducted compatibility test of two salt hydrates sodium acetate trihydrate (NaOAc.
3H>0) and sodium thiosulfate pentahydrate (Na»S>0;. SH>0) with the same five metals as in [44]. It was
reported that both salt hydrates showed good compatibility with aluminium, steel and stainless steel, however,

both salt hydrates were aggressively corrosive towards brass and copper.

Farrell et al. [47] examined the galvanic coupling of aluminium-copper in contact with sodium sulphate
decahydrate and sodium chloride eutectic and sodium acetate with additives. It was observed that aluminium
alloy 2024 was corroded by both PCMs. The corrosion was more aggressive when aluminium was in contact

with sodium acetate in the presence of copper.

Nagano et al. [48] inspected material compatibility of magnesium nitrate hexahydrate (Mg(NO3),.6H.0)
with magnesium chloride hexahydrate (MgCl,.6H>O) as an additive, and six metals. Each metal sample was
placed for 90 days in a glass tube of 60 ml at a constant temperature of 95°C. It was reported that copper, steel
and brass experienced strong corrosion with a 90 days mass loss of 0.11g, 0.0843g and 0.0284g, respectively.
Stainless steel SUS 304 and SUS 316 underwent a very small mass loss of 0.00107g and 0.00017g, respectively.
However, it can be seen from Fig. 1 that almost all the surface of SUS 304 and a small portion of SUS 316 were
covered with dotted red-brown rust. Aluminium was the only metal that was not affected by the salt hydrates

mixture.
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Fig.1. Mg (NOs)2- 6H20 compatibility test with metals [48].

Garcia et al. [49] studied the corrosion behaviour of commercial grade Glauber’s salt (NA2SO4. 10H20)
with aluminium alloys (Al 1050, 2024, 3003 and 6063). Aluminium alloy specimens were partly and fully
immersed in the Glauber’s salt for 90 days at 45°C. Al 2024 experienced strong pitting corrosion and
degradation of PCM due to formation of Na-Al alkaline carbonates due to the reaction with CO> from the air. Al
1050 and 3003 displayed an excellent compatibility with Glauber’s salt. Al 6063 also showed good resistance to
corrosion when the sample was fully immersed, whereas a loss of brightness and stained surface was notice

when it was partially immersed.

Pere et al. [50] presented the corrosion behaviour of two metals and two metal alloys in contact with
eleven different salt hydrates used in cooling and heating applications. Each material specimen was examined
after week 1, 4 and 12 to examine corrosion rate, salt precipitation and bubbles formation. They reported that
commercial PCM S10 can only be used with stainless steel. Similarly, PCM C10 showed good compatibility
with both aluminium and stainless steel. NaOH.1.5H,0, ZnCl>.3H,O and K;HPO4.6H20 were well suited with
stainless steel, whereas NaOH.1.5H>O could also be used with carbon steel while ZnCl,.3H,O and
K>HPO4.6H20 could be used with copper. Stainless steel indicated good resistance to corrosion when brought in
contact with heating application PCMs. Commercial PCM C48 also showed good compatibility with carbon
steel and aluminium. MgSO,4.7H>O could be used with aluminium and K3PO4.7H,O was suitable to be used with

carbon steel.
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286 (A) (8) (€)
287 Fig.2. Corrosion tests results: (A) S10 - Copper corrosion test for 12 weeks (B) ZnCl».3H>0 - Aluminium
288 corrosion test for 12 weeks, and (C) Zn(NO3),.4H,0-Carbon steel corrosion test for 4 weeks.

289  Table 5 represents the experimental work carried out in identification of container-PCM compatibility. It is
290 observed from literature that paraffins have poor compatibility with plastic containers; however, high density
291  polyethylene (HDPE) has exhibited good compatibility with paraffins. Similarly, majority of inorganic salt

292 hydrates have corrosive nature with metal containers; however, stainless steel has exhibited good compatibility.
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293
Table 5
A list of compatible PCM with container material.
PCM Ref. Container Materials
Brass Copper  Aluminium Stainless steel Carbon Steel

Zn(NOs),.6H,O [44] No No No Yes No

[45] No No No Yes No
Na;HPO,. 12H,0 [44] Yes Yes No Yes No

[45] Yes Caution No Yes Caution
CaCl,.6H,O [44] Yes Yes No Caution No

[45] Yes Yes Caution Yes Caution
NaOAc.3H:0 [46] Caution Caution Yes Yes Yes
Na,S,0:.5H,0 [46] No No Yes Yes Yes
Mg(NOs),-6H,0 [47] No No Yes Yes No
Glauber’s salt [49] Al 1050 Yes
(Na2S04.10H,0) Al2024  No

A13003  Yes
Al 6063  Caution

S10 (NaSO4 + NH4Cl + sepiolite) [50] No Caution Yes No
C10 (Na2SO4 + H20 + additives) [50] No Yes Yes No
ZnCl>.3H>O [50] Yes No Yes No
NaOH.1.5H,0 [50] No No Yes Caution
K,HPO,. 6H>0 [50] Caution No Yes No
S46 (Na»S203.5H,0 +sepiolite+  [50] No Caution Yes No
fumed silica)
C48 (CH300Na+H;0+ additives) [50] No Yes Yes Yes
MgS04.7H.0 [50] No Yes Yes No
Zn(NO3)».4H-O [50] No No Yes No
Ks;PO4.7H,O [50] No No Yes Yes
Na»S.0;.5H,0 [50] No Caution Yes Caution

294

295

296
297
298
299
300
301

4. LHS system performance analysis and enhancement

LHS system with its high thermal storage density at nearly isothermal process provides a better choice

of heat storage. However, due to low thermal conductivity and poor thermo-physical stability of PCMs, the LHS

system productivity during charging and discharging processes are highly affected. As a result, large scale

practical utilization of LHS system remains inefficient. Therefore, it is necessary to enhance the shortcomings of

the LHS system by adopting various performance enhancement techniques. In recent years, few review papers

are published on thermal performance enhancement of LHS system [51-53]. These review papers have
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highlighted the improvement in thermal conductivity of PCMs by using nanostructures, techniques to enhance
the thermal performance of PCMs in concentrated solar power plants and the effect of inlet and outlet
temperature, and mass flow rate of heat transfer fluid (HTF) on thermal performance of PCM. However, this
section reviews the most recent developments in geometrical orientations of containers to enhance heat flow in
order to boost the phase transition rate, thermal conductivity enhancement of PCMs by extended surfaces and
additives, improvement in thermal storage capacity by multi PCM, and encapsulation of PCMs to ensure better
thermal conductivity and thermo-physical stability. This section is focused on techniques that influence the

phase transition rate, thermal conductivity, latent heat storage capacity and thermo-physical stability of PCMs.

4.1 PCM container configuration

After the selection of PCM, the geometry of PCM container plays an important role in thermal
performance of LHS system. The PCM container geometric configuration has a direct impact on the heat
transfer nature and ultimately affects the phase transition rate. PCM containers are of typically rectangular,
concentric annular tube, spherical and shell and tube configurations. The most studied geometric configuration
is shell and tube, for the fact that it has minimal heat loss characteristic and substantial utilization in engineering

applications.

During melting process, heat is transferred from hot surface to PCM through conduction and as the heat
transfer continues, the amount of melted PCM increases near hot surface and thus natural convection takes over.
Lamberg at al. [54] simulated the melting time of PCM in rectangular container of 96mm height, 20mm
thickness and 41mm depth; with and without natural convection. It was justified by comparison with
experimental results that LHS system with natural convection took almost half melting time to that without
convection consideration. Kamkari et al. [55] studied the dynamic thermal performance of lauric acid as PCM in
rectangular container at different inclination angles of 0°, 45° and 90°. The container hot wall was isothermally
heated whereas the other walls were thermally insulated. Various experiments were conducted for hot wall
temperatures of 55 °C, 60 °C and 70 °C. It was reported that hot wall positioning in rectangular container played
a vital role in formation of natural convection currents and therefore affecting the heat transfer rate and melting
rate. Initially, the heat transfer in vertical hot wall container was dominated by conduction as temperature
contours were almost parallel to hot wall. The viscous forces were overcome by buoyant forces as the
temperature of liquid PCM increased, and eventually the hot liquid PCM climbed along the vertical hot wall.
The heat transfer was dominated by natural convection and therefore it increased the melting rate in upper
portion of solid-liquid interface by increasing local heat transfer due to hot liquid PCM. The temperature of
liquid PCM decreased as it descended along the solid-liquid interface and therefore the heat transfer at lower
portion of container was found lesser than upper portion. Also, the accumulated hot liquid PCM at upper portion
of container absorbed a considerable amount of heat from hot wall and resulted in stratified liquid layer. In case
of 45° inclination of hot wall, contrary to vertical hot wall observations, the stratified temperature layers did not
appear at the upper portion of container which means that heat transferred from liquid to solid PCM and thus it
increased the melting rate. In case of horizontal hot wall, the uniform temperature distribution along the solid-
liquid interface resulted in uniform melting rate. The heat transfer enhancement ratio for horizontal hot wall

container was found twice to that of vertical hot wall container, as shown in Fig. 3.
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Fig.3. Temperature contours of rectangular container with different inclination angles when hot wall is at 70 °C

[55].

Constrained and unconstrained melting of n-Octadecane in a sphere container is experimentally
examined by Tan [56]. In constrained melting case, solid PCM is attached to thermocouple to prevent it from
sinking to the bottom of sphere due to gravity. It was reported that in unconstrained melting case, the start of
PCM melt was dominated by heat conduction across the sphere wall. As the PCM melted then due to difference
in densities the solid PCM sank to the bottom. Therefore, the lower portion of solid PCM was melted by heat
conduction from inner wall and the upper portion was melted by natural convection caused due to buoyancy
effect. In constrained melting case, conduction heat was responsible for initial inward concentric melting and
later the melting was dominated by natural convection, making an oval shape at the top half of solid PCM. The
upper half of the solid PCM was melting at higher rate than the bottom half. Natural convection cells were

formed at bottom half and it caused waviness profile at bottom of solid PCM.

The melting behaviour of n-eicosane in cylindrical container was studied by Jones et al. [57]. The
experimental examination was focused on solid-liquid interface, temperature measurements and volumetric
liquid fraction. Digital image processing technique was used to locate the melt front in cylindrical container. It

was reported that melting process was dominated by four different regimes, such as (a) pure conduction, (b)
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conduction and natural convection, (c) natural convection and (d) solid shrinkage. As shown in Fig. 5(a), the
melt front was found thin and parallel to vertical hot boundaries of cylindrical container, it depicted that initially
melting was dominated by conduction. It was noticed that as the melting increased, the melt front thickness
along vertical direction varied, with maximum molten layer thickness was observed at top of container. It
indicated the buoyant forces driven natural convection began to strengthen and moving the hot molten layer to
top of container. However, the melt front was still almost uniform to vertical hot walls and it was suggested that
this regime could be a mixed conduction and natural convection, as shown in Fig. 5(b). Later, the melting was
found more influenced by natural convection and the molten layer thickness varied along the vertical hot walls,
as shown in Fig. 5(c). Lastly, the top portion of PCM was completely melted by convection and this regime was
called shrinking solid, as shown in Fig. 5(d). Similarly, Shmueli et al. [58] numerically investigated the melting
behaviour of PCM in vertical cylindrical container, isothermally heated from sides, insulted at bottom and top

portion of container was bare to air. The melting behaviour was found similar to that of Jones et al. [57].

Natural Convection

Natural Convection

Heat Conduction Melting Phase Front Melting Phase Front

(&) (8) © (o)

Fig.4. (a) Unconstrained melting inside sphere, (b) Representation of heat conduction and natural convection in
unconstrained melting, (c) Constrained melting inside sphere and (d) Representation of natural convection in

constrained melting [56].

Ly

. N m;“:w;'rx -l
(©

Fig.5. Melting nature of wax in cylindrical container with wall temperature of 45 °C at various time intervals

such as; (a) 1680 seconds, (b) 3120 seconds, (¢) 7200 seconds and (d) 10800 seconds [57].
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377 Fig.6. Comparison of simulate density and vector maps with experimental images [58].
378 Theoretical optimization of two different models of cylindrical containers is carried out by Esen et al.
379 [21]. In the cylindrical model, the PCM was stored in pipe and HTF was flowing parallel in cylindrical portion.
380  Whereas in pipe model, the PCM was stored in cylindrical side and HTF was flowing in pipe. A series of
381 numerical tests were carried out to investigate the effect of different PCMs, radii of cylinder and pipe, mass flow
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rate and inlet temperature of HTF on melting time. It was concluded from the results that pipe model required
less time than cylindrical model to melt the PCM, due to the fact that thicker mass of PCM takes longer time to

melt and less amount of heat loss from the HTF to swrrounding.

Esapour et al. [59] investigated the melting behaviour of RT35 in various arrangements of shell and
multi-tubes. As exhibited in Fig. 7, RT35 was stored in middle tube/shell, whereas HTF was made to flow in
inner tubes and outer one .The effect of number of inner-tubes on charging process was analysed. It was
reported that an increase in inner-tubes from 1 to 4 enlarged the molten region and therefore the regime was
dominated by convection heat transfer, which led to enhanced melting rate. According to Fig. 8, in case A, both
the heating surfaces (inner tube and outer tube) were installed wide apart which resulted in weak natural
convection effects and thus the melting rate was slow. Whereas in case B, C and D, heat transfer surface was
increased by distributing thinner tubes across the shell. The buoyant force increased as the vortices merged to
form a large vortex and therefore the melting rate was accelerated. The utilization of 4 inner-tubes in shell

reduced the melting time by 29% to that of single inner-tube.
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"' HTF —
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PCM PcM
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Fig.7. (i) Schematic of physical model of multi-tube configuration, (ii) Configuration of multi-tube cases [59].
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397
398 Fig.8. Liquid fraction contours for various multi-tube arrangements [59].
399 Vyshak and Jilani [60] conducted a comparative study on total melting time of PCM stored in

400 rectangular, cylindrical and cylindrical shell containers of same volume and heat transfer surface area. The
401 investigation was carried out for various values of PCM mass and inlet temperature of HTF. It was deduced that
402 cylindrical shell configuration took least time to store the same amount of thermal energy as compared to other
403 two configurations. It was also reported that with increase in mass of PCM, the cylindrical shell performance
404 was more pronounced, comparatively. The results showed that melting time for rectangular container was nearly
405 half to that of cylindrical container. Zivkovic and Fujii [61] also reported the similar results for rectangular and

406  cylindrical configuration.
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Fig.10. Comparison of total melting time vs mass of PCM for cylindrical and rectangular containers and

cylindrical shell and rectangular containers [60]

In case of solidification process, the heat transfer is dominated and influenced by conduction. Therefore,
the container orientation has insignificant influence on solidification rate. Seddegh et al.[62] numerically
evaluated the thermal behaviour of Paraffin wax in horizontal and vertical orientations of shell and tube

container. During melting process, it was noticed that the heat transfer in horizontal system was more effective
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417 in melting the upper half of PCM than the lower half, whereas the vertical system presented an almost constant
418 melting rate. Moreover, the comparative analysis showed that horizontal system provided better thermal
419 performance in melting process than vertical system. During solidification process, the natural convection
420 dominated the heat transfer at first, which rapidly reduced the temperature of PCM to its freezing point. The
421 heat transfer was dominated by conduction as the PCM started to solidify around the HTF tube. Due to low
422 thermal conductivity of PCM, the solidified PCM started behaving like insulating medium and thus it reduced
423 the phase transition rate. Due to buoyancy, the liquid PCM was moving to the upper portion of container,
424 whereas the solidification rate was faster in lower portion. Furthermore, the comparative analysis showed that
425 the horizontal and vertical orientations had insignificant influence on solidification rate as the average
426 temperature and solidification rate were almost same for both cases, as shown in Fig. 11. Similarly, Allen et
427 al.[63] experimentally analysed the influence of cylindrical container inclination on solidification rate of n-
428 Octadecane. It was observed that due to conduction dominated heat transfer, the orientation of cylindrical

429 container had a minimal impact on the solidification rate of PCM.
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431 Fig.11. Comparison of PCM average temperature and liquid fraction in horizontal and vertical orientations of

432 shell and tube container during solidification process [62]

433 In this section, the phase transitions of PCMs in various containers have been reviewed. It is noticed
434 from review that conduction heat transfer and natural convection are responsible for melting behaviour of PCMs
435 in containers with different shapes. In early stages of phase transition from solid to liquid, conduction plays a
436 vital role in transferring excess amount of heat and is responsible for higher melting rate. Later, buoyant forces
437 overcome viscous forces and buoyant forces driven flow depends on heat supply, operating conditions, thermo-
438 physical properties of PCMs and container geometry. Container orientation and geometric parameters have great
439 impact on the melting behaviour of PCMs, such as aspect ratio of rectangular and cylindrical containers,

440 spherical capsules radius and annular cavity eccentricity. Therefore, the selection of PCM container shall be
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carried with great attention, knowing the effect of geometry configuration on phase transition behaviour of

PCM.

4.2 Heat exchanger surface area enhancement

Extended surfaces and fins are employed in the heat exchanger to increase the heat transfer surface area.
Fins configuration and orientation play an important role in improving the performance of LHS system. Fins are
normally installed in lower heat transfer coefficient side because the fins efficiency rises with declination in heat

transfer coefficient. Therefore, fins are mostly on the PCM side.

Akhilesh et al. [64] numerically investigated the effect of adding more fins in rectangular container,
heated from top wall. It was observed that heat transfer area and thermal energy storage were increased by
increasing number of fins per unit length. However, thermal storage performance could not be enhanced any
further upon increasing the number of fins beyond a critical value. Gharebaghi and Sezai [65] studied the effect
of fins in rectangular container of PCM. It was noticed that inclusion of fins increased the heat transfer rate.
They also reported that horizontal fins with vertical heated walls provided double heat transfer rate to that of
vertical fins with horizontal heated walls. Thermal storage performance was enhanced by increasing the number
of fins and reducing the gap in-between fins. However, increase in number of fin beyond the critical value could

not provide considerable enhancement.

Lacroix and Benmadda [66] simulated the melting rate of PCM in rectangular container with horizontal
fins and vertical heated walls. The simulation was focused on investigating the effect of number of fins and their
length. It was concluded that large number of shorter fins (19 fins, each of 0.01m length) are less efficient in
improving the melting rate than few number of longer fins (4 fins, each of 0.03 m length). Even with small
temperature gradient, longer fins could improve the performance and it was found more efficient than increasing

the heated wall temperature.

Shatikian et al. [67] numerically studied the effect of fin thickness on melting rate. It was reported that
thicker fins experienced uniform temperature along the length of the fin, whereas thinner fins showed
temperature gradient. Temperature uniformity was desirable for better heat transfer but too thick fins would
reduce the storage capacity of container. Therefore, the thickness and number of fins should be optimized for

better performance of LHS system.

Stritih [68] experimentally investigated the fin effectiveness of rectangular container. Fin effectiveness is
defined as the ratio between heat flux with fins and heat flux without fins. It was noticed that heat flux with fins

was high and because of that fin effectiveness was high and resulted in 40% reduction in phase transition time.

Tao and He [69] numerically examined the effect of number of fins, fin thickness and fin height on
melting rate of PCM in horizontal concentric tube. It was noticed that an increase in fins number, thickness and
height amplified the thermal conductivity in lower portion of PCM causing enhanced heat transfer rate and
melting rate. However, excessively large number of fin, thickness and height would decrease the storage
capacity of PCM. Therefore, the recommended values for number of fins, dimensionless thickness and

dimensionless height were 7, 0.1 and 0.8, respectively.
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Vertical fins effect with constant temperature horizontal wall on solidification time of high temperature
PCM was simulated by Guo and Zhang [70]. It was observed that without fins the solidified front only moved in
vertical direction, whereas with fins, simultaneous vertical and horizontal movement of solidified front was
noticed. Solidification time observed linear declination with number of fins. Thermal energy discharge time was
1/30™ with fins to that without fins. Prior to critical value for fin thickness, it was observed that increasing fin

thickness could decrease solidification time.

Lacroix [71] numerically studied the behaviour of LHS unit with shell and annular finned tube
configuration, with PCM stored in shell side and HTF flowing in tube. Natural convection was considered by
including effective thermal conductivity of PCM in conduction equation, as a function of Rayleigh number. It
was concluded that annular fins enhanced the heat conduction for all values of mass flow rates and inlet
temperatures. Maximum improvement in heat conduction was observed with moderate flow rate and small inlet
temperature; whereas even with more number of fins, the increase in heat conduction was less significant with
larger flow rate and inlet temperature. Similarly, Zhang and Faghri [72] studied the same shell and annular
finned tube system and reported that fins proved to be very effective in tackling the depletion in performance

caused by subcooling of PCM.

Rahimi et al. [73] experimentally examined the effect of flow rate, inlet HTF temperature and fin pitch
on melting and solidification rate of R35 paraffin in fin and tube heat exchanger. An increase in flow rate from
0.2 L/min to 1.6 L/min enhanced turbulent nature of HTF and it resulted in improved melting rate, whereas the
solidification rate was not affected significantly. Similarly, an increase in inlet temperature of HTF from 50 °C
to 60 °C enhanced melting time, whereas, the enhancement was not impressive when inlet temperature was
increased from 60 °C to 70 °C. It was noticed that solidification rate was more enhanced as compared to melting
rate with employing fins. For Smm fin pitch, the melting and solidification time decreased from 290 to 190
minutes and from 445 to 245 minutes, respectively. Increasing the fin pitch from 5mm to 15mm could not

produce a significant difference in transition rates.
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Fig.12. Effect of mass flow rate on phase transition rates for various fin pitch values: (a) melting rate and (b)

solidification rate [73].
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Choi and Kim [74] experimentally investigated the radial fins effect on solidification time of PCM in
cylindrical container. Due to radial fins, enhancement in both radial and axial heat conduction were observed,
which result in better heat recovery. It was also reported that at lower mass flow rate of HTF, solidification front
was only found on fins portion nearby tube wall. Whereas for higher flow rate of HTF, solidified front was

found on large fin portion and better utilization of fins could be made.

Velraj et al. [75] experimentally verified the increase in solidification rate of PCM in vertical concentric
double tube, with PCM stored in inner tube with longitudinal fins. It was reported that the portion of liquid PCM
which was at furthest from heat transfer surface could be covered by using longitudinal fins, which results in
minimal resistance and higher thermal contact. It was noticed that increasing the number of fins in large tube

was more effective and solidification time was 1/n™ times with fins to that without fins.

Rathod et al. [76] analysed the performance enhancement of LHS system by installing three longitudinal
fins in shell and tube arrangement. It was noticed that an increase in inlet temperature of HTF is more effective
than mass flow rate of HTF. Due to installation of fins, the melting time percentage decrease was 12.5% and
24.52% for the inlet temperature 80 °C and 85 °C, respectively. Similarly, the percentage decrease in

solidification time was reported to be 43.6%.

An experimental study was carried by F. Agyenim et al. [77], to compare the thermal performance of
erythritol in various geometric configurations of horizontal concentric tube, such as concentric tube without fins,
with radial fins and with longitudinal fins. PCM charging cycle was carried out for 8 hours. It was reported that
only longitudinal fin configuration has completely melted the PCM. During the discharging cycle, longitudinal
fin configuration showed insignificant subcooling. Therefore, the longitudinal fin configuration was

recommended for enhanced performance in concentric tube LHS system.

Medrano et al. [78] experimentally investigated the melting and solidification rate of organic PCM RT 35
in five commercially available heat exchangers. It was noticed that double pipe heat exchanger and plate type
heat exchanger are not appropriate to be used as PCM containers. However, the double pipe with graphite
matrix, double pipe with fins and compact heat exchanger can be utilized as heat storage containers. It was
reported that compact heat exchanger produced highest average thermal power i.e. 1kW for both melting and
solidification case. The normalized thermal power was found maximum in double pipe with graphite matrix, in

range of 700-800 W/m*—K.

As discussed, the inclusion of fins in LHS system enhances the storage performance and reduces the
phase transition time. The number and size of fins play an important role in LHS system performance and
promotion of natural convection. External fins have more impact on LHS system performance during
solidification process than melting process. It is because melting process is dominant by convection, whereas
solidification is governed by conduction. In addition, the number of fins in a LHS system can affect the thermal
storage capacity of container due to small volume for PCM. Therefore, the fins number and size should be

optimized for the system thermal performance enhancement and thermal energy storage capacity.
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Fig.13. Comparison of thermal performance of erythritol in various geometric configurations: (i) Control system

(no fins), (ii) Circular finned system and (iii) Longitudinal finned system [77].

4.3 PCM additives to increase the thermal conductivity
Despite the fact that PCMs possess higher thermal storage density, the slower rate of melting and
solidification limits the potential practical applications of LHS system. This is due to lower thermal conductivity

of both organic and inorganic PCMs which ranges from 0.1 to 0.7 W/mK, as shown in Table 3 and Table 4. In
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recent years, a subchapter of a book by Mehling and Cabeza [20], and portions of few review papers [52, 53, 79,
80] are published on this topic. However, this section thoroughly reviews the latest research developments in
thermal conductivity enhancement of both paraffins and salt hydrates by using metal matrices and structures,
expanded graphite, metal nanoparticles and carbon fibers. This section is focused on effect of addition of

additives on thermal conductivity, latent heat storage capacity and transition rate of PCMs.

Melting and solidification rate can be enhanced by adding naturally available materials such as graphite,
carbon fibers, copper, aluminium, metal matrices etc. Copper matrices enhanced the thermal conductivity of
paraffin by approximately 80% as compared to aluminium matrices. Moreover, diamond coated copper matrices

can further increase the thermal conductivity [81].

Mesalhy et al. [82] performed a numerical parametric study to identify the effects of employing solid
matrices with different porosities of 0.85, 0.90 and 0.95; and thermal conductivity ratios on thermal performance
of paraffin based LHS system. Thermal conductivity ratio, ks/kf ranged from 50-200. The term ks and kf
represented the thermal conductivity of solid porous matrix and PCM, respectively. It was reported that thermal
performance of LHS system was dependent on both porosity and thermal conductivity of employed matrix.
Compared to pure paraffin, the addition of porous matrix increased the rate of melting and heat transfer rate. A
decrease in matrix porosity resulted in increased thermal conductivity and melting rate of paraffin but it also
dampened the convection motion. It was suggested that a matrix with high thermal conductivity and high

porosity can enhance the storage performance in best way.

Due to high thermal conductivity and absorbability of graphite, it is used by many researchers as an
additive in LHS system to improve thermal performance. Thermal conductivity of graphite ranges from 24 to
270 W/mK. Haillot et al. [83] characterized and elaborated composites of expanded graphite and several PCMs
and reported an increase of thermal conductivity from 0.2 — 1 W/mK for pure PCM to 5 — 50 W/mK for
composite. However, the inclusion of expanded graphite to RT-65 paraffin decreased the latent heat capacity
from 170 — 140 kJ/kg. It showed that thermal capacity and thermal conductivity of LHS system depended on the

amount of expanded graphite in composite.

Similarly, the effect on melting time, thermal conductivity and thermal capacity on composite of n-
docosane (paraffin) and different mass fractions of expanded graphite is investigated by Sari and Karaipekli
[84]. Liquid paraffin absorbed in pores of expanded graphite of 2%, 4%, 7% and 10% mass fraction, making a
form-stable composite with no leakage due to capillary force and surface tension of expanded graphite. The
density of 10% expanded graphite composite was less than pure paraffin. The increase in mass fraction of
expanded graphite showed an increase in thermal conductivity but a decrease in thermal capacity. An optimum
mass fraction of 10% expanded graphite resulted in four time increased thermal conductivity, causing about

32% reduction in melting time, and a small drop in thermal capacity from 194.6 - 178.3 kl/kg.
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Fig.14. Melting time of pure paraffin and composite paraffin/EG [84].

An experimental investigation on thermal conductivity enhancement of CaCl..6H:O and expanded
graphite composite was conducted by Z. Duan et al.[85] . OP-10 was added as a surfactant to improve the
bonding energy and sealing performance of the composite. Various samples were prepared with expanded
graphite mass fraction of 50%, 40%, 30%, 20% and 10%. DSC results showed that composite sample with 40%
mass fraction of expanded graphite produced comparatively higher latent heat of fusion (145 kJ/kg), whereas
sample of 50% mass fraction of expanded graphite provided lower latent heat of fusion (49.10 kl/kg). TG
analysis of composite samples evidently showed that the inclusion of OP-10 surfactant enhanced the thermal
stability. Moreover, thermal constant analyser tests presented that that 50% mass fraction of expanded graphite
improved the thermal conductivity of CaCl>.6H»O (8.796 W/mK) by 14 times to that of pure CaCl,.6H,O (0.596
W/mK).

Thermal performance enhancement of Na>SO, .10H20 and Na;HPO,4.12H,O with expanded graphite was
examined by Y. Wu and T. Wang [86]. Impregnation and physical blending techniques were used to prepare the
composite sample of 3.5g of each salt hydrates with 1g of expanded graphite. The composite sample was coated
with 0.2g of paraffin wax to restrain salt hydrates from phase segregation. It was reported that the composite
sample demonstrated good thermal stability after 100 thermal cycles and presented good latent heat of fusion
(172.3 kl/kg). Moreover, the inclusion of expanded graphite increased the thermal conductivity of hydrated salts
to 3.643 W/mK.

H.K. Shin et al.[87] investigated the thermal performance enhancement of sodium acetate trihydrate by
inserting various weight percentages of expanded graphite. Carboxymethyl cellulose (CMC) was added as a
thickening agent. It was reported that the PCM composite containing 2.5 wt% of expanded graphite and 5 wt%

of thickening agent exhibited a high thermal conductivity of 1.85 W/mK and excellent thermal stability. On the
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contrary, the same PCM composite sample with 5 wt% of graphite powder (particle size < 50 um) and 5 wt% of
CMC was prepared and investigated by M. Dannemand et al.[88]. The maximum thermal conductivity of

composite was reported to be 1.1 W/mK.

The results from various research shows that graphite is an excellent additive to enhance thermal
performance of LHS system. However, its porosity plays a vital role in effectiveness of improved thermal
performance. If the composite of small mean pore size graphite is selected then it may cause difficulty in
impregnation of PCM in porous media of graphite and hinders the molecular moment, which can decrease the
latent heat capacity. On the contrary, if the mean pore size is increased then it can cause leakage problem as
reduction in capillary forces. Moreover, the composite of graphite and PCM can be prepared by using chemical
or mechanical processes, which are time and energy consuming. Therefore, to avoid these shortcomings, another

simple technique to enhance thermal conductivity is dispersion of high thermal conductivity particles.

An experimental study was conducted on thermal conductivity enhancement of paraffin wax by
incorporating aluminium particles of 80 pm, with a mass fraction of 0.1, 0.3, 0.4 and 0.5, by Mettawee and
Assassa [89]. Mass fraction was the ratio of mass of aluminium powder to mass of compound of paraffin wax
and aluminium powder. During charging time, the heat transfer from solar collector to paraffin wax/aluminium
composite was increased as the mass fraction increase from 0.1 to 0.5. However, the increase in mass fraction
beyond 0.5 resulted in insignificant increase in heat transfer rate. For aluminium mass fraction of 0.5, the
thermal conductivity of composite increased and produced 60% reduction in charging time as compared to pure
paraffin wax. Similarly for discharging process, the composite of 0.5 mass fractions showed more homogenous
solidification. The highest mean daily efficiency of the LHS system increased from 54.8% for pure paraffin wax

to 94% for composite.

Performance enhancement of 1-tetradecanol (TD) and silver nanoparticle composite was investigated by
Zeng at al. [90], using TG-DSC, IR, TEM, XRD and thermal conductivity evaluation method. The investigated
composite samples were based on various mass fractions of 0.98, 0.94, 0.80, 0.50, 0.20 and 0.06. Mass fraction
was the ratio of mass of pure TD to the combined mass of TD and silver nanoparticles. It was reported that
thermal conductivity of composite increased with increase in the amount of silver nanoparticle. Thermal
conductivity enhancement was examined by the increase in temperature at particular time. It was noticed that
after 150 seconds of melting process, the pure TD was at 26 °C, whereas the composite of mass fraction of 0.06
was at 30 °C. Also, no interaction between TD and silver nanoparticle was noticed and the stability of composite
was found to be almost the same as to that of pure TD. However, thermal storage capacity of composite
decreased with increase in silver nanoparticle (234.2 kl/kg for pure TD, 216.5 klJ/kg for composite of mass
fraction of 0.98 and 119.4 kl/kg for composite of mass fraction of 0.50, respectively) and the phase transition

temperature was also reduced as compared to pure TD.

To improve the thermal conductivity of paraffin, various techniques such as vertical cylinder with
internal longitudinal fins, lessing rings and bubble agitation are studied by Velraj et al. [91]. In case of lessing
rings, hollow steel rings of 1 cm diameter were added in cylindrical paraffin container. Reduction in
solidification time was reported for both fins and lesser rings based LHS system. It was found that solidification

time for fins and lesser rings were 1/4"™ and 1/9' that of plain tube LHS system, respectively. However, the
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inclusion of fins and lesser rings occupied 7% and 20% of total storage volume of container respectively and
thus reducing the storage capacity of LHS system, as shown in Fig. 15. Therefore for large container size of

LHS system, lesser rings will perform better than fins.

Due to higher density of metal particles and metal structures, there is a possibility that the additives can settle at
the bottom of container and increasing the weight of container. As discussed in section 3.2, there are
compatibility concerns between metals and PCMs. Therefore, researchers have been searching for low density
but high thermal conductivity additives, which are compatible with all PCMs. Carbon fibers is much lighter as
compared to metal particles and its thermal conductivity is almost equal to copper and aluminium. Also, it has a
good corrosive resistant nature and possesses good compatibility with almost all PCMs, thus it can qualify for
better alternative to improve thermal performance of LHS system. Elgafy and Lafdi [92] analytically and
experimentally investigated the performance enhancement of Paraffin wax based LHS system by adding carbon
nanofibers of 100nm outer diameter and 20pum average length. Samples of different mass ratio (1%, 2%, 3% and
4%) of carbon nanofibers were made using shear mixing and melting process. The composite showed an almost
linear increase in thermal conductivity and output power with increase in mass ratio of carbon nanofibers, which
resulted in increased solidification rate and insignificant reduction in storage capacity. The solidification time
was reduced by 23% by using 1% mass ratio of carbon nanofibers. It was reported that further improvement in

thermal performance can be achieved by uniform distribution of fibers.
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Fig.15. Solidification time and total heat storage capacity for various configurations [91].
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Fig.16. Solidification temperature with respect to time for various mass ratios of Carbon nanofibers [92].

Fukai et al. [93] inspected the effect of randomly and uniformly oriented carbon fibers on the thermal
performance enhancement of paraffin wax based LHS system. Carbon fibers of 10um diameter, 220 W/mK
thermal conductivity and 2170 kg/m?* density were packed with paraffin wax in a steel cylindrical capsule. It was
found that effective thermal conductivity of uniformly oriented brush type was three times to that of randomly
oriented type. Moreover, in case of small mass fraction of carbon fibers, the randomly oriented carbon fibers
dampened the natural convection and thus resulted in lower melting rate than pure paraffin. Whereas, the higher
melting rate in brush type orientation was not affected by loss in convection. Similarly, Fukai et al. [94]
experimentally and numerically investigated the effect of inclusion of carbon fiber brushes in paraffin wax
based LHS system. It was reported that an enhancement of 20% and 30% in charging and discharging

respectively was achieved as compared to normal paraffin wax.

T T T T T
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Brush Random
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Fig.17. Transient temperature response to random type and brush type orientation of carbon fibers [93].
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As reviewed in this section, the thermal conductivity of LHS system can be increased significantly by
incorporating high conductivity additives and it can enhance the melting and solidification rate. However, the
addition of additives can reduce the storage volume of PCM and it can lead to loss in storage capacity. Thus, an

optimum mass of additives should be selected for enhancing thermal performance.

4.4 Multiple PCMs method

Instead of single PCM, using multiple PCMs technique has reported an increase in LHS system
performance and storage capacity. During the charging and discharging process of the LHS system, the rate of
heat transfer depends largely on the temperature difference between PCM melting temperature and HTF
temperature. In single PCM case, the temperature of HTF decreases along the length of flow which results in
temperature difference reduction. As a consequence, the rate of heat transfer decreases and therefore the LHS
capacity reduces and most part of stored thermal energy is sensible energy. Whereas in multiple PCMs case, the
storage medium consist of different PCMs in descending order of their melting temperatures, even if the
temperature of HTF decreases the unit maintain almost a constant temperature difference. Multiple PCMs

method yields constant heat flux to the PCM in melting process and to the HTF in solidification process.

HTF-Flow when charging

MgCl/KCl/ KOH KNO; KNOs/KClI NaNO; \[ ]
o NaCl g
@ )
S 2]
Gf=|,=380C On=360°C ™| 9y =2335C Om =320 °C 9m=306C M
o Ahp = Ahp = Ahm = Ahm = Ahy = 5
2 400 kJ/kg 134 kJ/kg 95 kJ/kg 74 kJ/kg 172kJkg (|8

HTF-Flow when discharging

A

Fig.18. A schematic of multiple PCMs based LHS unit [95].

Wang et al [96] numerically investigated the performance enhancement of LHS system by employing
multiple PCMs (PE, PG and NPG). It was suggested that an increase in number of PCMs would reduce the

phase transition time. Numerical results indicated that phase transition for all PCMs were almost homogenous

and with constant rate.

Mosaffa et al [97] numerically investigated the improved performance of free cooling system using
multiple PCM based LHS system. The PCMs selected for investigation were CaCl,.6H>0, Paraffin C18 and
RT25. Energy based optimization were used to find out the effect of length and thickness of PCM slab, and fluid
passage gap on storage performance. It was reported that CaCl>.6H>O and RT25 composite was very effective in

maintaining the outlet air temperature below 27 °C for 8 hours and providing maximum heat absorbing capacity.

Gong and Mujumda [98] developed a one dimensional finite element heat conduction phase change
model for melting and freezing processes of composite PCMs slabs. The model was used to investigate the
performance of various arrangements of PCMs with descending order of their melting temperatures, thermo-

physical properties and various boundary conditions for both melting and heating processes as shown in Table 6.
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Er and Ewm represent the actual energy stored or retrieved in a cycle and maximum energy stored or retrieved,

respectively. The ratio between Er and Em represents the LHS system performance. Upon reaching to steady

reproducible state, the multiple PCM slab resulted in enhanced melting and solidification rate as compared to

single PCM slab. The charge and discharge rate was enhanced from 21.9% to 31.7% by decreasing the thermal

conductivity ratio from 1.0 to 0.1, and the percentage enhancement was decreased by periodic reduction in

thermal diffusivity ratio. Increase in latent heat of multiple PCMs resulted in improved charge and discharge

rate. It can also be observed from the table 6 that the melting and solidification rate can be enhanced by

minimizing the temperature differences between boundary temperatures using multiple PCMs.

Table 6

Performance enhancement using multiple PCM [98]

Property tm=t;s (S) Slab type Er(J/m?*) Et/Em Enhancement (%)

Case Thermal conductivity kl/ks
1 1 650 Single 404,508  0.632

3-PCM 493,178  0.771 219
2 04 1150 Single 439265 0.774

3-PCM 534425 0.941 21.7
3 0.2 1950 Single 415613 0.764

3-PCM 517257 0.969 26.9
4 0.1 3375 Single 393120 0.723

3-PCM 517790 0.955 31.7
Case Thermal diffusivity al/as
1 1 650 Single 404508 0.632

3-PCM 493178 0.771 21.9
2 04 800 Single 552627 0.674

3-PCM 627102 0.765 13.5
3 02 1000 Single 704900 0.629

3-PCM 758942 0.678 7.67
Case Latent heat (J/kg)
1 2000 375 Single 263161 0.598

3-PCM 304540 0.692 15.7
2 4000 650 Single 404508 0.632

3-PCM 493178 0.771 21.9
3 8000 1200 Single 754818 0.726

3-PCM 945164 0.909 25.2
4 16000 2150 Single 1329710 0.723

3-PCM 1756840  0.955 32.1
Case Temperature swing (°C)
1 Twm= 80, Tw= 70, Twi= 60 1750 Single 363228 0.757 -
2 Twm= 80, Tmi= 75, Tio= 70, 1750 3-PCM 457240 0.953 25.9
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Tims= 65, Tw= 60

3 Twn= 120, T=90, Tine= 60 650 Single 404508 0.632 -

4 Twm= 120, Tii= 105, Trz=90, 650 3-PCM 493178 0.771 21.9
Tmz= 75, Tw= 60

5 Twm= 160, Tr= 110, To= 60 400 Single 465331 0.582 -

6 Twm= 160, Tin= 135, Too= 400 3-PCM 545623 0.682 17.3
110, Tims= 85, Twr= 60

7 Twm=200, Tr= 130, Tw= 60 350 Single 579027 0.603 -

8 Twm= 200, To= 165, Too= 350 3-PCM 670265 0.698 15.8

130, Tiz= 95, Tw=60

Farid and Kansawa [99, 100] numerically and experimentally studied the performance enhancement of
LHS system by employing three commercial waxes of different temperatures (44 °C, 53 °C and 64 °C) and
reported an increase of 10-15% in heat transfer rate to that of single PCM unit. It was also reported that the

phase transition of all PCMs started simultaneously.

Aldoss and Rahman [101] investigated the improvement in performance of multiple paraffins based LHS
system by increasing the number of stages. Spherical capsule containing paraffin 40, paraffin 50 and paraffin 60
were used in various stages along the length of bed. It was observed that an increase in number of stages of
multiple paraffins based LHS system resulted in enhanced rate of charge and discharge, increased heat transfer
rate and improved storage capacity. However, increasing the number of stages more than three could not

enhance the system significantly.

Wang et al [102] experimentally investigated the decrease in melting time of LHS unit consisting of three
coaxial cylindrical containing stearic acid, sliced paraffin and lauric acid, respectively. LHS unit was dipped in
water and experiments were conducted for different temperatures, for both multiple PCMs unit and single PCM
(sliced paraffin) unit. The experimental results demonstrated that charging rate of multiple PCMs unit was

enhanced and resulted in 37-42% reduction in melting time compared to single PCM.

4.5 PCM encapsulation

PCM encapsulation is a process of shelling the PCM with suitable coating material to keep it isolated
from surrounding. The encapsulation process was invented by Barrett K Green in 1940s. Encapsulation ensures
the sustainability of true composition of PCM that can be altered by connection with surrounding, reduces the
possibility of surrounding reaction with PCM, improves thermal and mechanical stability, improves heat transfer
rate and compatibility with hazardous PCMs that cannot be exposed to surrounding such as building temperature
control, food storage and blood transport applications. Encapsulation of organic PCMs is given preference over
salt hydrates for its non-corrosive nature and insignificant solubility in water. However, the inflammable nature
of organic materials can be controlled by using inorganic coating materials. As shown in Fig. 19, chemical and
physical are two broad manufacturing methods of PCM encapsulation. Physical encapsulation methods deal
with large amount and rough surface encapsulation as compared to chemical techniques. Chemical

encapsulation techniques result in better heat storage capacity than that of physical methods. In-situ
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polymerization manufacturing technique with its smaller capsule size and excellent shell structure is preferred
over others techniques. PCM encapsulation can be also be classified by different sizes such as macro, micro and
nano encapsulation and various container shapes as spherical, cylindrical, tubular or rectangular. In last decade,
several review articles and subchapters of books are published on this topic. Review articles on
nanoencapsulation [103, 104] and microencapsulation [3, 105-107] are focused on various encapsulation types,
techniques and applications. Similarly, the subchapters of books by Cabeza [20, 108] are focused on macro and
micro encapsulation. This section reviews the updated research on thermal performance enhancement and
thermo-physical stability of micro and macro encapsulated PCMs. This section is focused on effects of
encapsulation on thermo-physical stability, latent heat storage capacity, thermal conductivity and phase
transition rate.

Methods of PCM |

Encapsulation |

‘ Chemical ‘1 Physical
| | ' | }

In-slltu . | iteriacta) . Comple)l( | Centrifugal Fluidized Bed
Polymerization | Polycondensation Coacervation |

Spray Drying

Fig.19. Various methods of PCM encapsulation.

4.5.1 Microencapsulation

Mechanical strength of encapsulated PCM can be identified by the core to coating ratio. An increase in
core to coating ratio proceeds in deteriorating coating strength and increases possibility of PCM leakage from
encapsulation, while a decrease in core to coating ratio can reduce the amount of PCM in encapsulation.
Ohtsubo et al. [109] examined the mechanical stability of microcapsules by using mass median diameter factor
(D) and wall thickness factor (T). It was noticed that for larger ratio of D and T, a smaller pressure is enough to
break 50% of coating material of encapsulation. Zhang and Wang [110] synthesized microencapsulated PCM
with n-octadecane as core material and polyurea as coating material. Core to coating ratio of 70/30 and 75/25
were examined, with mean particle size of 6.9 pm and 7.1um, respectively. Lower core to coating ratio (70/30)
produced better thermal stability, while the higher core to coating ratio (75/25) caused slippage of PCM at 200
°C.

Namwong et al. [111] investigated the latent heat capacity of microencapsulated PCM with octadecane as
core material and divinylbenzene and methyl methacrylate (DVB-MMA) polymer as coating material. The
average diameter of microcapsule was 3.2 um. Three polymer samples were tested. The samples contained
different percent weights of DVB and MMA such as 100:0, 50:50 and 30:70 wt%, respectively. The latent heat
of all samples of microencapsulated PCM was reported to be 189 kl/kg, 218 kJ/kg and 223 kl/kg, respectively.
It was observed that the latent heat of microencapsulated PCM increased as the percent weight of hydrophilic
MMA increased to 70 wt%. Yu et al. [112] examined the thermal conductivity enhancement of
microencapsulated n-octadecane. CaCO3z was used as shell material. The spherical microencapsulated PCM was
having a diameter of 5 pm. Three samples of various percent weights of core and shell material were tested such

as 30:70, 40:60 and 50:50 wt%, respectively. Thermal conductivity of pure n- octadecane was 0.153 W/mK. It
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was reported that thermal conductivity of all samples of microencapsulated PCM improved to 1.674 W/mK,
1.325 W/mK and 1.264 W/mK, respectively. Also, the microencapsulated PCM samples were subjected to 200
thermal cycles and it showed a good thermal stability and structural reliability. Yang et al. [113] examined the
performance enhancement of thermo-physical properties of microencapsulated n-octadecane. Silicon nitride and
polymethyl methacrylate polymer was used as shell material. Four samples of microencapsulated PCM were
tested. The percent weight of core materials ranged from 82.3 - 66.4 wt%. It was noticed that latent heat of
fusion reduced from 151.30 - 122.07 klJ/kg as the percent weight of core material decreased from 82.3 - 66.4
wt%. However, the mechanical strength of sample with 66.4 wt% of core material appeared to be four time

higher (16.24 mN) than ordinary PCM.

Sarier et al.[114] evaluated the thermal performance enhancement of two microencapsulated PCMs with
n-hexadecane and n-octadecane as core materials. Urea-formaldehyde was used as coating material. Silver
nanoparticles were added to core materials to improve the thermal performance of microencapsulated PCMs.
The average particle size of silver nanoparticles ranged from 163-496 nm. Six samples of microencapsulated
PCMs were tested. Four samples were containing 176.6 mmol of n-hexadecane and 0, 26, 52 and 104 mmol of
silver nanoparticles as core material, respectively. Likewise, two samples were containing 157.2 mmol of n-
octadecane and 0 and 26 mmol of silver nanoparticles as core material, respectively. For all samples, the core to
coating ratio by mass was kept constant at 1:1. It was reported that the latent heat capacity of microencapsulated
n-hexadecane increased from 115-137 kJ/kg as the amount of silver nanoparticles increased from 0-52 mmol.
Likewise, the thermal conductivity improved from 0.0557- 0.1231 W/mK as the amount of silver nanoparticles
increased from 0-104 mmol. In case of microencapsulated n-octadecane, the latent heat capacity improved from
117-168 kl/kg and thermal conductivity increased from 0.0695- 0.0978 W/mK with addition of 26 mmol of
silver nanoparticles. The samples were also subjected to 100 thermal cycles and the results indicated a good
thermal stability and durability. Jiang et al.[115] used emulsion polymerization to synthesise paraffin wax
microencapsulates with methyl methacrylate-co-methyl acrylate (MMA-MA) as coating material and nano-
AlOj3 as additives to enhance thermal performance. Six samples were evaluated with varied mass ratio of nano-
AbOs (0, 5, 16, 27, 33 and 38 wt%). It was reported that thermal conductivity of microencapsulated PCM
samples improved from 0.2442-0.3816 W/mK as the mass ratio of nano-Al;O; increased from 0-38 wt%.
However, the latent heat capacity of microencapsulated PCM decreased from 110.40-75.40 kJ/kg as the mass
ratio of nano-Al;Os3 increased from 0-38 wt%, due to drop in content of paraffin wax. It was also noticed that the

microencapsulated PCM samples with nano-Al>Os additives displayed better thermal stability.

Alkan et al. [116] studied the experimental preparation, characterization and calculating the thermal
behaviour of microencapsulated docosan-PMMA. The microencapsulated docosane was subjected to 5000
thermal cycles and the results depicted a good thermal stability and no chemical degradation. Ma et al. [117]
prepared spherical shape encapsulated paraffin-PMMA by UV irradiations to emulsion polymerization. The size
of encapsulated paraffin-PMMA was 0.5 — 2 um. Thermal stability tests were conducted for 1000 thermal
cycles. The results showed a good thermal stability with melting point varied in a range of 33.40 — 35.71 °C and
latent heat varied from 99.8 — 95.6 kl/kg.
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4.5.2  Macroencapsulation

Howlader et al. [118] investigated the chemical and physical stability and thermal performance of larger
capsules of size (2.833 mm diameter) with paraffin as core material. It was reported that after 1000 thermal
cycles, the encapsulated paraffin showed a good thermal and structural stability, and stable thermal storage
capacity. Alam et al. [119] experimentally investigated the thermo-physical stability of spherical encapsulated
NaNOQOs. The diameter of hemispherical pellets of NaNOs ranged from 12.5-25.5 mm. Firstly, the PCM was
encapsulated by a layer of polymer (PTFE), having a thickness of 0.5-0.7 mm. Subsequently, it was coated with
a thin layer of nickel (10-80 um). Due to polymer layer in between molten PCM and nickel, the possibility of
corrosion was reduced. The capsule was subjected to 2200 thermal cycles and the results showed excellent

thermo-physical stability.

Cabeza et al. [120] studied the thermal storage behaviour of solar pilot plant with several modules of
encapsulated PCM-graphite. A granular compound of sodium acetate trihydrate (90 vol.%) and graphite (10
vol.%) was encapsulated in aluminium container of size 8.8 ¢cm x 31.5 cm. As shown in the Fig. 20, the
inclusion of 2, 4 and 6 PCM modules carried a weight of 2.1 kg, 4.2 kg and 6.3 kg, and it occupied 2.05 vol.%,
4.1 vol.% and 6.16 vol.% of storage tank, respectively. An increase in thermal density of 40%, 57.2% and
66.7% was noticed for 1 K temperature difference in case of 2, 4 and 6 PCM modules, respectively. Thermal
density increase was 6%, 12% and 16.4% for 8 K temperature difference, respectively. The inclusion of
encapsulated PCM-graphite maintained the temperature of water top layer in storage tank above 54 °C for 10-12
hours. Similarly, Mehling et al. [121] investigated the inclusion of encapsulated paraffin-graphite in brass
cylinders of size 10 cm x 30 cm. Thermal storage capacity was increased by 20% to 45% and the hot water

storage duration was increased by 50% to 200%.

posistion of thermocouples

71120 top
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Fig.20. Schematic of 2 PCM modules embedded on the top portion of hot water storage tank [120].
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Veerappan et al. [122] performed analytical study on influence of encapsulation size on melting and
solidification rate. It was noticed that as the diameter of capsule increased from 4 cm to 12 cm, the melt time of
encapsulated CaCl;.6H>O also increased from 26 minutes to 192 minutes, respectively. Similarly, it was
reported that increase in capsule diameter will reduce the solidification rate and therefore the encapsulated PCM
will take more time to solidify as compared to small diameter. Calvet et al. [123] conducted numerical and
experimental examination of improvement in phase transition rate of PCM composite in a spherical
encapsulation. The diameter of capsule was 98mm. Graphite flakes and expanded graphite was incorporated as
thermal conductivity enhancement additives. It was reported that the addition of 13%wt. of graphite flakes
reduced both the melting and solidification time by 30% each. Whereas, the addition of 13%wt. of expanded
graphite reduced the melting and solidification time by 60% and 40%, respectively. Zhang et al. [124]
conducted numerical and experimental investigation to find the increase in solidification rate of NaNOs (60
wt%) and KNO; (40 wt%) composite in cylinder encapsulation. The capsule material was AISI 321. The outer
diameter and height of capsule was 75mm and 77mm, respectively. Metallic foam was inserted as thermal
conductivity enhancement additive. The cylindrical capsules were heated in electric furnace to melt the
composite PCM and then subjected to air and water to measure the solidification time. In case of air cooling, the
solidification time was reduced from 3600s for PCM composite with no enhancement to 2800s for PCM
composite with metallic foam. However in case of water cooling, the solidification time of PCM composite with

metallic foam reduced further to 700s.

Wai et al. [125] studied the effect of capsules shape, diameter and coating thickness on thermal
performance of encapsulated PCM. It was reported that spherical capsule produced an excellent heat release
performance as compared to cylindrical, plate and tube type capsules. It was observed that with increase in PCM
diameter from 2mm to Smm, the heat release rate decreased. As the coating thickness increase from 0.2 mm to
0.4 mm, the mechanical stability increased but it reduced the amount of PCM in capsule and therefore it affected
the thermal storage capacity. Ismail and Henriquez [126] developed a model to study the effect of spherical
capsule size, coating thickness and material, initial PCM temperature on solidification rate. It was observed that
coating material of high thermal conductivity and smaller capsule size with low external temperature reduced
the solidification time. Increase in internal radius of spherical capsule lead to increased solidification time. As
constant mass of PCM resulted in constant internal radius of 0.05m, the critical external radius for copper, PVC
and glass were found to be 17.46 m, 0.003 m and 0.054 m, respectively. Increase in coating thickness could
enhance solidification rate, therefore external radius of copper and glass could be increased up to their critical
values, whereas, PVC critical radius was found to be lower than internal radius, thus an increase in PVC
external radius would reduce the solidification rate. Ismail and Moraes [127] also observed that solidification
rate could be increased by using coating material of high thermal conductivity, smaller capsule diameter and
lower external temperature. Fig. 21 summarises the various techniques used for thermal performance

enhancement of PCM based LHS system.
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Fig.21. Various techniques used for enhancing thermal performance of LHS system. In this figure, the various
techniques adopted by researchers are sequenced on the basis of subchapters of this review paper such as
initially various configurations of fins are presented and it is followed by PCM additives to enhance thermal

conductivity and lastly the PCM encapsulation techniques.

5. Conclusion

This review paper presents a detail literature survey focused on PCMs categorization, long term stability
of PCMs and compatibility with container materials, thermal performance analysis and thermal performance

enhancement techniques. Literature survey encouraged to draw the below given conclusions:

e For long term thermal performance of LHS system, the PCM needs to ensure thermal stability, chemical
stability and corrosion resistance with container material upon subjecting to extended amount of repeated
thermal cycles. After repeated cycles, the thermo-physical properties of PCM shall not change
significantly. It can be deducted from the review that paraffins yield better thermal and chemical stability

than salt hydrates after repeated thermal cycles. Salt hydrates faces phase segregation and supercooling,
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which can be controlled by adding suitable thickener and nucleating agents. CaCl,.6H-O is found as the
most studied salt hydrate. Before using industrial grade PCMs, it is advised to run the repeated thermal
cycle test to check the stability of thermo-physical properties.

It is noticed that conduction heat transfer and natural convection are responsible for melting behaviour of
PCM:s in containers with different shapes. In early stages, conduction heat transfer is dominant and as the
PCM melts down, natural convection dominates the melting of PCM. Container orientation and
geometric parameters have great influence on the melting behaviour of PCMs, such as aspect ratio of
rectangular and cylindrical containers, spherical capsules radius and annular cavity eccentricity. Thus, it
is important to make sure that the geometric configuration is suitable for certain PCM.

An enhanced storage performance and phase transition rate can be achieved by using fins in LHS system.
The size and number of fins are vital in improving thermal performance of LHS system. It is noticed that
inclusion of fins has more impact on improving solidification rate than melting rate. The size and number
of fins should be optimized as inclusion of fins reduces storage volume for PCM in container and thus
the thermal storage capacity is also affected.

The melting and solidification rate of PCM can be enhanced significantly by incorporating high thermal
conductivity additives as it will increase the thermal conductivity of LHS system. However, the inclusion
of high density additives can reduce storage volume for PCM in container and it can lead to loss in
storage capacity. Therefore, an optimized amount of additives can only be added to enhance thermal
performance.

Utilization of multi-PCM can produce an increased thermal storage performance of LHS system. It is
useful in storing thermal energy at constant temperature difference. Multiple PCMs method yields
constant heat flux to the PCM in melting process and to the HTF in solidification process. Most of the
studies have been carried out on combination of arbitrary PCMs, thus there is a need of experimental
investigation of various combinations of actual PCMs.

Thermal and mechanical stability is dependent on core-to-coating ratio of encapsulated PCM. Increased
ratio will produce weak shell and lower ratio will result in less amount of PCM in encapsulation.
Optimization of core-to-coating ratio is required. Similarly, encapsulate material shall possess high
thermal conductivity. Metallic encapsulates like copper, aluminium and steel can be good options but it is
challenging to manufacture. Salt hydrates for their high thermal conductivity, diffusion values and
mechanical strength can be a good choice as encapsulate materials for organic PCMs. Encapsulation
having higher thermal conductivity, lower temperature at external surface and smaller diameter of

capsule can increase solidification rate of LHS system.
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This paper presents a two-dimensional finite element computational model which investigates thermal
behaviour of a novel geometrical configuration of shell and tube based latent heat storage (LHS) system.
Commercial grade paraffin is used as a phase change material (PCM) with water is employed as a heat
transfer fluid (HTF). In this numerical analysis, the parametric investigations are conducted to identify
the enhancement in melting rate and thermal storage capacity. The parametric investigations are com-
prised of number and orientation of tube passes in the shell, longitudinal fins length and thickness, mate-
rials for shell, tube and fins, and inlet temperature of HTF. Numerical analysis revealed that the melting
rate is significantly enhanced by increasing the number of tube passes from 9 to 21. In 21 passes config-
uration, conduction heat transfer is the dominant and effective mode of heat transfer. The length of fins
has profound impact on melting rate as compared to fins thickness. Also, the reduction in thermal storage
capacity due to an increase in fins length is minimal to that of increase in fins thickness. The influence of
several materials for shell, tube and fins are examined. Due to higher thermal conductivity, the melting
rate for copper and aluminium is significantly higher than steel AISI 4340, cast iron, tin and nickel.
Similarly, the thermal storage capacity and melting rate of LHS system is increased by a fraction of
18.06% and 68.8% as the inlet temperature of HTF is increased from 323.15 K to 343.15 K, respectively.
This study presents an insight into how to augment the thermal behaviour of paraffin based LHS system
and ultimately, these findings inform novel design solutions for wide-ranging practical utilisation in both
domestic and commercial heat storage applications.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

However, due to low thermal conductivity of PCM, rapid energy
storage and discharge has been a major obstacle, Therefore, LHS

For a long era, the world energy requirements are served and
assisted by fossil fuels. However, due to the number of downsides
of using fossil fuels such as limited and depleting resources, incon-
sistent prices and emission of harmful gases have encouraged sci-
entists and engineers to progress in technologies to take
advantages of renewable energy. In order to respond to the unpre-
dictable and fluctuating nature of renewable energy sources, latent
heat storage (LHS) system provides a viable option. LHS utilises
PCM to store surplus thermal energy within solar systems or heat
recovery systems and retrieves it when needed, in order to min-
imise the gap between energy demand and supply [1.2].

* Corresponding author.
E-mail addresses: zkhan2@bournemouth.ac.uk (Z. Khan), zkhan@bournemouth.
ac.uk (Z. Khan), KTabeshf@bournemouth.ac.uk (K. Tabeshf).

http://dx.doi.org/10.1016/j.enconman.2016.09.030
0196-8904/© 2016 Elsevier Ltd. All rights reserved.

system requires a sensitive and responsive thermal energy storing
and discharging technique. A significant body literature is available
that deals with the enhancement of LHS system such as geometric
orientations of LHS system [3,4], utilising extended surfaces [5,6],
encapsulation of PCM [7-11], employing form stable PCM [12-
17] and inclusion of high thermal conductivity additives to PCM
[18-20].

To develop efficient and productive LHS systems, thermal beha-
viour of several configurations and orientations have been exam-
ined. PCMs are normally employed in rectangular, spherical,
cylindrical and shell and tubes containers. Kamkari and Shokouh-
mand [21] conducted an experimental study to identify the effect
of number of fins on heat transfer and melting rate of PCM in rect-
angular container. It was deducted that melting time for one fin
and 3 fins were reduced by 18% and 37% as compared to without
fins enclosure. However, an increase in number of fins resulted in
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Nomenclature
Cp specific heat at constant pressure (kj/kg K) u velocity (m/s)
F volume force (Pa/m) o small constant value
f fraction of PCM in solid and liquid phase B coefficient of thermal expansion (1/K)
fs fraction of PCM in solid phase K morphology constant of mushy zone
fi fraction of PCM in liquid phase P density (kg/m?)
g gravitational acceleration (m/s?) I dynamic viscosity (kg/m s)
H specific enthalpy (M])
k thermal conductivity (W/m K) Subscripts
L latent heat of fusion (k]/kg) s solid phase of PCM
T temperature of PCM (K) [ liquid phase of PCM
T temperature of solid region of PCM (K)
T, temperature of liquid region of PCM (K) Acronyms
Tpe phase change temperature (K) HTF heat transfer fluid
p pressure (Pa) 3 LHS latent heat storage
9 heat source term (W/m”) PCM phase change material
S momentum source term

reduced natural convection and thus the overall heat transfer rate
was compromised. Kalbasi and Salimpour [22] numerically studied
the impact of length and number of longitudinal fins on thermal
performance of PCM in rectangular enclosure. It was reported that
higher number of longitudinal fins with shorter length showed
augmented natural convection as compared to few fins with longer
length. It was recommended that an optimum value for fins length
and number should be identified to optimise the system. On the
contrary, Ren and Chan [23] reported that an increase in longitudi-
nal fins length enhanced the melting rate of PCM and therefore
small number of lengthy fins exhibited effective thermal perfor-
mance as compared to large number of shorter fins.

Li and Wu [24] numerically investigated the influence of six
longitudinal fins on melting rate of NaNOjs in horizontal concentric
tube. It was observed that extended fins can reduce the melting
and solidification time by at least 14% compared to concentric
tubes without fins. Darzi et al. [25] simulated the effect of number
fins on melting and solidification rate of N-eicosane in horizontal
concentric tube. It was noticed that melting time for 4, 10, 15
and 20 fins were reduced by 39%, 73%, 78% and 82% as compared
to no fins case, respectively. Likewise, the solidification time was
decreased by 28%, 62%, 75% and 85% as compared to no fins case,
respectively. However, as an increase in fins number restrained
natural convection, thus increase in fins presented more prominent
influence on solidification than melting rate. Yuan et al. [26] simu-
lated the impact of fins angle on melting rate of lauric acid in hor-
izontal concentric tube. It was reported that fins angle plays a
significant role in influencing melting rate. The different angles
for installation of two fins were 0°, 30°, 45° and 90°. The melting
rate for fins angle 0° was comparatively higher. Moreover, in case
of fins angle 0°, an increase in inlet temperature of HTF from
60 °C to 80 °C reduced melting time by 59.24%.

Caron-Soupart et al. [27] conducted an experimental examina-
tion to identify the effect of vertical concentric tube orientations
on melting rate, heat exchange power and storage density. Selected
concentric tube orientations were consisted of a single HTF tube
without fins, with longitudinal fins and with circular fins. It was
noticed that the melting rate for tube with longitudinal fins and
circular fins was significantly higher than that of the tube without
fins. Likewise, the heat exchange power was increased by a factor
of 10 for the fins orientations than without fins. However, due to
provision of higher PCM volume, the tube without fins orientation
exhibited higher thermal storage density. Likewise, Agyenim et al.
[28] conducted an experimental investigation to identify the

thermal response of erythritol as a PCM in three orientations of
horizontal concentric tube. The three orientations were concentric
tube with no fins, with circular fins and with longitudinal fins. It
was noticed that after 8 h of charging, only longitudinal fins orien-
tation was able to melt the entire PCM. Also, cumulative thermal
energy storage for longitudinal fins was comparatively higher. Dur-
ing solidification process, longitudinal fins showed better thermal
performance with reduced subcooling.

Rathod and Banerjee [29] experimentally evaluated the effect of
three longitudinal fins on melting and solidification rate of stearic
acid in shell and tube container. It was noticed that melting and
solidification time was reduced by 24.52% and 43.6% as compared
to without fins case, respectively. Luo et al. [30] numerically stud-
ied the impact of number of HTF tubes and their orientations in
shell and tube container on thermal performance. It was observed
that the required melting time for single HTF tube was 2.5 and 5
times than four and nine HTF tubes, respectively. Similarly, the
thermal performance of centrosymmetric orientation is better than
staggered and inline orientation. Esapour et al. [31] also examined
the influence of number of HTF tubes in shell and tube container. It
was noticed that by increasing the number of HTF tubes from 1 to
4, the melting time can be reduced by 29%. Therefore, it is evident
that the number of HTF tubes has a good influence on thermal
behaviour of LHS system.

Vyshak and Jilani [32] conducted a numerical study to compare
the impact of rectangular, cylindrical, and shell and tube container
orientations on melting rate of PCM. It was observed that for the
same volume and heat transfer surface area, the melting rate for
shell and tube configuration was comparatively higher.

Tao et al. [33] numerically investigated the influence of HTF
tube geometry on melting time. The tested configurations involved
smooth, dimpled, cone-finned and helical-finned tubes. It was
reported that the melting time for dimple, cone-finned and
helical-finned tube was reduced by 19.9%, 26.9% and 30.7% com-
paring to smooth tube, respectively. Likewise, Li et al. [34] reported
that heat transfer rate can be significantly enhanced by employing
internally ribbed tubes instead of smooth tubes. Furthermore, the
influence of the numbers, geometrical configurations and orienta-
tions of fins on thermal behaviour of LHS system is discussed in
[35-40].

The mass flow rate of HTF has a minimal influence on thermal
behaviour as compared to inlet temperature of HTF and geometri-
cal configuration of LHS system. Seddegh et al. [41] numerically
examined the influence of vertical and horizontal orientation of
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shell and tube container on thermal behaviour of LHS system.
Moreover, it was noticed that mass flow rate of HTF has insignifi-
cant influence on melting rate. Kibria et al. [42]| conducted numer-
ical and experimental examination of paraffin wax in shell and
tube container. It was deduced that mass flow rate of HTF has neg-
ligible effect on thermal performance. Also, Wang et al. [43]
numerically investigated the enhancement in thermal perfor-
mance of shell and tube container due to inlet temperature and
mass flow rate of HTF. It was observed that the inlet temperature
has more profound impact on melting rate and thermal storage
capacity than mass flow rate of HTF. Thus, this article will not con-
sider the parametric investigation of mass flow rate of HTF.

In this article, the parametric investigation of a novel geometri-
cal configuration of a shell and tube model is conducted. This
specific orientation of shell and tube with longitudinal fins has
not been reported in literature. A two-dimensional computational
model is applied to a novel shell and tube configuration. This arti-
cle is focused on identifying the influence of number of tube passes
and their orientation in the shell on the melting rate and thermal
storage capacity. Moreover, the parametric investigations of fins
length, fins thickness and materials for shell, tubes and fins are
conducted to investigate the impact on thermal behaviour of LHS
system. The influence of inlet temperature of HTF on melting rate
and thermal storage capacity is also examined. This article will
help in highlighting the parameters that can enhance the thermal
performance of LHS system and therefore, the large scale practical
utilisation in various domestic and industrial applications, time-
saving and economic benefits can be achieved.

2. Numerical model
2.1. Physical model

Physical configuration of LHS system is presented in Fig. 1. Para-
metric investigations of novel shell and tube model has been con-
ducted to address the enhancement of phase transition rate and
thermal storage capacity. The geometrical parameters of shell
and tube model are selected with an objective to develop an effi-
cient and responsive LHS system that will be coupled with flat
plate solar thermal system, which is previously designed and
developed by Helvaci and Khan [44]. The outer diameter, length
and thickness of the shell are 450 mm, 320 mm and 1 mm, respec-
tively. The tube is connected with fins, each of 2 mm thickness. The

fins are equidistant to each other. Commercial grade paraffin is
selected as PCM for its high heat storage capacity, good chemical
stability, no super-cooling, non-corrosiveness and low cost [6,45].
Water is made to flow in tube. The thermo-physical properties of
paraffin are given in Table 1. Various configurations of shell and
tube are examined, as depicted in Fig. 2. In all cases, the number
of tube passes, fins number and fins geometry are selected to
design a LHS system that is capable of melting entire mass of
PCM within 10 h and with minimal reduction in thermal storage
capacity. Likewise, the highest possible temperature attained by
flat plate solar thermal system is in the range of 333.15K [44].
To incorporate weather fluctuations, the selected range of inlet
temperature of HTF is from 323.15 K to 343.15 K.

2.2. Governing equations

The governing equations to calculate the thermal performance
and phase transition rate of PCM based LHS system are mass,
momentum and energy conservation equations; which are
described as follow:

Mass conservation:
op

E+V-(pu):0 (1)

Momentum conservation:
ANpw)
ot

Energy conservation:
ANpGT)
ot

+V-(puu) = -Vp+ V- (uVu) +F +Su (2)

+V - (pC,Tu) = V- (kVT) + ¢ 3)

Table 1
Thermo-physical characteristics of paraffin [45].

41-44°C or 314.15-317.15K

255 (Kl/kg)

2.0 (kJfkg K)

0.2 (W/mK) (solid); 0.2 (W/m K) (liquid)
Density, p 800 (kg/m?) (solid); 700 (kg/m?) (liquid)
Dynamic viscosity, (t 0.008 (kg/m s)

Coefficient of thermal expansion, f 0.00259 (1/K)

Melting temperature, Ty
Latent heat of fusion, L
Specific heat, C,
Thermal conductivity, k

(b)

Fig. 1. Physical model of LHS system. (a) Top view and (b) cross section view.
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Fig. 2. Various configurations and orientations of shell and tube based LHS system.

where p,u,p, it, E. 5, C,, k, T and g represents density (kg/m?), veloc-
ity (m/s), pressure (Pa), dynamic viscosity (kg/m s), volume force
(Pa/m), momentum source term, specific heat at constant pressure
(kJ/kg K), thermal conductivity (W/m K), temperature (K) and heat
source term (W/m?), respectively. F in Eq. (2) can be estimated by
using Boussinesq approximation [46,47] as follow:

F=pgf(T —Ty) 4)

where g, # and T,. shows gravitational acceleration (m/s?), coeffi-
cient of thermal expansion (1/K) and phase change temperature
(K), respectively. During phase transition, the enthalpy-porosity
technique considers mushy zone as porous medium. The porosity
and liquid fraction in each mesh element are assumed to be equiv-
alent. In fully solidified mesh elements, the porosity is equal to zero.
In order to reduce the velocity in solid region to zero, Kozeny-
Carman equation is implemented to estimate the momentum
source term S in Eq. (2), as follow [48,49]:

G_K1-f)?
(F +a)

where K represents morphology constant of mushy zone and o is a
small value to avoid division by zero. In this study the values of K
and o are set to 10”7 and 104, respectively. Further, the phase tran-
sition occurs in temperature interval of T; < T < T;. A smoothing
function f is introduced which indicates the fraction of material in
solid and liquid phase, as described below:

(5)

0 T<T;s
f={i% T<T<T (6)
1 T>T

where the indices s and ! represent the solid and liquid phase of
PCM, respectively. During phase transition interval, the specific
enthalpy H can be defined as the combination of enthalpy in solid
and liquid phase, as follow:

pH = fpHs + fipHi (7)

To calculate effective specific heat capacity, Eq. (7) is differenti-
ated with respect to temperature and simplified as follow:

G, - &y oo fioh)
)

= 5 (8)

1 d ~JsPs
G :ﬁ(fsPsts +£1pCpp) + (H — H‘)(;TT [m;hzfpfp)] "

Eq. (9) indicates that effective specific heat capacity is the sum
of sensible and latent heat components. The difference in enthal-
pies H, — H; can be replaced with latent heat term L. Likewise,
the thermal conductivity and density of PCM can be expressed as
follow:

k= fks + fiki (10)

p=Ffps+hip (11)

2.3. Initial and boundary conditions

As mentioned in Table 1, the phase transition temperature of
PCM is 314.15 K. In the course of melting, the initial temperature
of thermal storage unit is kept at room temperature at 298.15 K,
which is less than melting temperature. It indicates that initially
entire PCM is in solid phase. A constant boundary temperature is
provided from HTF tube to PCM in shell, which ranges from
323.15 K to 343.15 K. The melting process starts at t = 0 s by sup-
plying constant temperature from HTF tube walls. The exterior
boundary of shell is assumed to be perfectly insulated.

2.4. Computational procedure and model validation

The governing equations are discretised by using finite element
approach. In order to simplify the model, it is assumed that all tube
passes transfer thermal energy to PCM at constant temperature Tj.
The governing equations for HTF and PCM are simultaneously
solved in entire computational domain due to coupled thermal
energy transfer between HTF and PCM. Second order backward dif-
ferentiation technique is employed for time stepping to check the
relative tolerance. The relative tolerance is set to 0.001. The mesh
independency and time stepping are validated by conducting a ser-
ies of comparative investigations to find the influence of different
mesh numbers and time steps on melt time. Case C from Fig. 2 is
selected for this examination. Table 2 represent the impact of mesh
numbers and time steps on the melt time. It is observed that when
the time step is set to 1 min, the melt time for entire LHS system in
case-Il and case-III are 443 and 441, respectively. However, the dif-
ference in melt time for case-I and case-II is significant. Further, the
melting fraction at a point, which is at 20 mm vertical distance
from the outer boundary of central HTF tube, is illustrated in
Fig. 3. It can be noticed from Fig. 3(b) that the melting fraction
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Table 2
Validation of mesh independency and time stepping.

359

Case Mesh numbers HTF temperature (K) Time step (min) Melt time (min) Percent error
I 28674 333.15 1 396 10.6
1 57861 333.15 1 443 -
11 61932 333.15 1 441 0.45
v 57861 333.15 0.25 437 1.35
v 57861 333.15 0.5 452 2.03
1 - - —" 1 . . ' . s
0.9 Mesh number: 28674 4 1 | . Time step: 0.25 min 1
) — - — - - Mesh number: 57861 09 R Time step: 0.5 min
0.8 | —* Mesh number: 61932 | 08 b & Time step: 1 min |
507} | o7y 1
506 | 1 = L ]
£ 3 0.6
205 ¢ . E 05 f _
2 2
=04 1 Zo04f 1
L s
03 1 = 03+t !f |
02 + . 02+ H i
0.1 r 1 0.1 f / 1
0 N WA . L . . 0 . . " . . . . .
30 40 50 60 70 80 920 100 110 120 30 40 50 60 70 80 90 100 110 120

Time (min)

(a)

Time (min)

(b)

Fig. 3. (a) and (b) illustrates the mesh and time steps independency, respectively.

plots for all three time steps are almost identical. Therefore, the
selected mesh numbers and time steps for this study are 57861
and 1 min, respectively.

The current computational model was validated by comparing
the simulation results with experimental results which are
reported by Liu and Groulx [50]. In their study, dodecanoic acid
was employed as PCM in horizontal cylindrical container of
152.4 mm outer diameter. Copper pipe of 12.7 mm outer diameter
was fitted through the centre of cylinder. Four fins were connected
to copper pipe, each at 90°. Water was utilised as HTF through cop-
per pipe. For validation purpose, the computational model was
simulated using geometrical configuration, PCM, initial and bound-
ary conditions and mass flow rate of HTF as reported in [50]. Fig. 4
depicts that both numerical results and experimental results are in
good agreement.

3. Results and discussion
3.1. Numbers and orientations of tube passes

Fig. 5 demonstrates the melting fraction of PCM in various geo-
metrical orientations of LHS system. The inlet temperature of HTF
is set to 333.15 K for investigating the effect of numbers of tube
passes on melting rate. The number of tube passes in case A, B
and Care 9, 12 and 21, respectively. With an increase in tube pass,
the volume of PCM in shell is compromised by tube and fins. On
the contrary, it will increase the effective surface area for heat
transfer and thus the low thermal conductivity of PCM can be
improved. As a result, the melting rate of PCM can be significantly
enhanced by increasing the tube passes.

In case A, the geometric orientation depicts that the tube passes
are widely apart. It can be noticed that the tube pass at the centre

and the tube passes near the boundary of shell are afar. Therefore,
due to low thermal conductivity of PCM, the heat transfer is not
very intense in this region. Initially, the melting process is domi-
nated by conduction. It can be noticed from Fig. 5 that only
65.75% of PCM is melted after 5 h of heat transfer. With an increase
in liquid percentage of PCM, the heat transfer is now dominated by
convection. Further, the melting rate is reduced due to lack of con-
duction heat transfer. It can be observed that the liquid percentage
of PCM is 95.45% and 99% after 10h and 15 h of heat transfer,
respectively. Likewise, even after 20 h, the PCM is not completely
melted.

In case B, the surface area for heat transfer is increased by add-
ing three more tube passes. Similar to case-A, the melting process
is initially dominated by conduction. It is observed that after 4 h of
heat transfer only 71.85% of PCM is in liquid phase. Convection
dominates the heat transfer now and thus the melting rate reduces,
as the liquid percentage of PCM is 96.07% and 99.5% after 8 h and
12 h, respectively. In case B, the entire PCM is melted in 15 h of
continuous heat transfer.

In case C, the surface area for heat transfer is enhanced by
increasing the number of tube passes to 21. In this case, the heat
transfer is highly dominated by conduction as it can be seen that
a huge percentage of PCM is melted within 3 h. It is noticed that
the liquid percentage of PCM is 84%, 94.2% and 98.25% after 3 h,
4 h and 5 h of heat transfer, respectively. The entire PCM is melted
in 7.5 h.

As depicted in Fig. 5, the melting rate for case C is significantly
higher than case A and case B. It is noticed that due to higher effec-
tive surface area for heat transfer, the melt time for case C is about
half as compared to case B. Also, due to the increase in tube passes,
the heat transfer is dominated by conduction and therefore, the
melting rate is improved significantly.
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Fig. 4. Comparison of temperature profiles to validate numerical model with experimental results from [50]. For all cases, the inlet temperature and flow rate of HTF were set

to 323.15 K and 1 L/min, respectively.

3.2. Longitudinal fins geometry

Fins geometry plays a significant role in enhancing the thermal
performance of LHS system. Fig. 6 represents the effect of various
fins lengths on melting fraction and temperature distribution in
LHS system. Heat is transferred to LHS system for 4 h at inlet tem-
perature of 333.15 K. The influence of various fins lengths ranging
from 12.7 mm to 38.10 mm is investigated. Due to an increase in
surface area, the thermal conduction enhances and consequently
overall heat transfer improves. It is evident from Fig. 6 that the
temperature distribution in entire system for case (d) is signifi-
cantly better than other cases. After 4 h of heat transfer, the liquid
fractions for case (a), (b), (c) and (d) are noted to be 59.2%, 72.98%,
83.86% and 94.66%, respectively.

It can be observed from Fig. 7 that as compared to case (a), the
total melting time for case (e), (g) and (i) is reduced by 35.45%,
47.01% and 57.32%, respectively. However, it is noticed that the
thermal storage capacity is reduced by increasing the fins length.
It is noted that the thermal storage capacity for case (i) is 1.94% les-
ser than case (a). Due to higher melting rate, case (i) is selected for
further investigations in this article.

Fig. 8 illustrates the impact of fins thickness on melting fraction
and temperature distribution in LHS system. The HTF temperature
is set to 333.15 K and the system is charged for 4 h. The effects of
different fins thickness ranging from 1 mm to 5 mm are examined.
It can be noticed from Fig. 8 that the melting fraction for all cases
are almost similar after 4 h of heat transfer. The liquid fraction for
case (a), (b), (¢) and (d) are recorded to be 94.58%, 94.66%, 94.74%
and 94.75%, respectively. Likewise, the fins thickness has minimal
influence on the temperature distribution.

Fig. 9 represents the total melting time and variation in thermal
storage capacity for all cases. It can be noticed that the total melt-
ing time for case (e), case (g) and case (i) is reduced by 10.25%,
13.25% and 16.45% as compared to case (a), respectively. However,
an increase in fins thickness can limit the volume for PCM and
therefore the thermal storage capacity of LHS system can be

compromised. As shown in Fig. 9, the thermal storage capacity
for case (i) is reduced by 5.7% as compared to case (a), respectively.

3.3. Shell, tube and fins materials

The low thermal conductivity of PCM can be boosted by
employing higher thermal conductive shell, tube and fins. High
thermal conductive materials play a vital role in improving the
thermal performance of LHS system. In order to analyse the influ-
ence of material on thermal performance, the following materials
are examined: steel AISI 4340, cast iron, tin, nickel, aluminium
6063, aluminium and copper. The inlet temperature of HTF is kept
constant at 333.15 K for all materials. Table 3 represents the per-
cent liquid fraction and complete melting time of PCM against var-
ious materials. It is observed that as the thermal conductivity of
material increases, the heat transfer rate between HTF and PCM
increases and therefore the melting rate of PCM strengthens. Due
to higher thermal conductivity of copper, the required melting
time for PCM is reduced by 23.68% as compared to steel AISI
4340. Likewise, aluminium and aluminium 6063 presents a good
thermal performance, as the melting time is reduced by 18.84%
and 17.88% comparing to cast iron, respectively. It is evident from
Table 3 that copper and aluminium are the suitable materials to be
employed as shell, tube and fins material.

3.4. Inlet temperature of HTF

In order to examine the influence of inlet temperature of HTF on
melting rate and increase in enthalpy of LHS system, various inlet
temperatures are investigated ranging from 323.15K to 343.15 K.
An increase in inlet temperature of HTF produces higher tempera-
ture difference between PCM and HTF and consequently the heat
transfer rate is accelerated. Due to an increase in heat transfer,
the melting rate of PCM is enhanced, as shown in Fig. 10. It is evi-
dent that LHS system in case (d) is at notable higher temperature
compared to case (a) and thus majority of the PCM is either in
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Case B Case C

Melting fraction

10 hr

12 hr

20 hr 15 hr 7.5 hr

Fig. 5. Liquid fraction for all the three cases at inlet temperature of 333.15 K.

liquid state or mushy zone. After 4 h of heat transfer, the liquid the total melting time is reduced by 42.8%, 52.4% and 68.8% as
fraction for case (a), (b) (c¢) and (d) are noted to be 66.71%, the inlet temperature of HTF is increased from 323.15K to
92.93%, 93.65% and 99.55%, respectively. Fig. 11 illustrates that 328.15K, 333.15K and 343.15K, respectively. Also, due to the
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(b) fins length = 25.4 mm, (c) fins length = 31.75 mm and (d) fins length = 38.10 mm.
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Fig. 7. Effects of fins length on total melt time and thermal storage capacity.

increase in inlet temperature, the sensible enthalpy of the system
is also augmented, which results in enhancing the overall thermal
storage capacity. Fig. 11 shows that the enthalpy of LHS system for
case (c), case (e) and case (i) is increased by 4.52%, 9.03% and
18.06% as compared to case (a), respectively.

4. Conclusions

In this article, a computational model is employed to examine
the thermal performance of novel shell and tube configuration
based LHS system. Parametric investigation is conducted to inspect
the improvement in thermal performance due to the number of
tube passes, length and thickness of longitudinal fins, materials
for shell, tube and fins, and inlet temperature of HTF. The aug-

mented thermal behaviour of LHS system can attain both time
and economic benefits, along with extensive and sustainable
employment in both domestic and industrial applications. From
the numerical results the following conclusions are reached:

o It is observed that as the number of tube passes is increased
from 9 to 21, the thermal performance of the LHS system is sig-
nificantly enhanced. This is due to the fact that the thermal con-
ductivity and effective surface area for heat transfer increases
by increasing the number of tubes. The heat transfer is domi-
nated by conduction heat transfer and therefore the required
melting time for 21 number of tube passes is reduced by
48.5% to that of 12 tube passes.

o The geometry of the fins plays a vital role in improving the ther-
mal performance of LHS system. It is noticed that as the length
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Table 3
Effect of shell, tube and fins material on melting rate of LHS system.
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Fins Thickness (mm)
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3mm 35mm 4mm 4.5mm

10.6

(@
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104
103
102
10.1
10

99

Storage Capacity (MJ)

Materials Thermal conductivity (W/(m K)) [51] Percent liquid fraction Complete melting time (h)
2h 4h 6h 8h 10h
Steel AISI 4340 44.5 63.92 85.23 95.53 99.25 100 9.67
Cast iron 50 65.06 86.23 96.19 99.46 100 9.34
Tin 67 67.30 87.69 97.30 99.71 100 8.92
Nickel 90 68.57 88.32 97.78 99.85 100 8.75
Aluminium 6063 201 7277 92.19 99.08 100 7.67
Aluminium 238 73.05 92.68 99.15 100 7.58
Copper 400 73.63 93.69 99.34 100 7.38

of the fins is increased from 12.7 mm to 38.10 mm, the thermal
conductivity of the system improved and consequently the heat
transfer between HTF and PCM. The melting time is reduced by
57.32% as the length of the fins is increased from 12.7 mm to

38.10 mm.

o Fins thickness influences the melting time of the PCM. However,
it is observed that increase in fins length has more prominent
effects on thermal performance than fins thickness. Also, the
thermal storage capacity of system is decreased by 5.7% as the

fins thickness is increased from 1 mm to 5 mm.
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e Shell, tubes and fins material has significant effect on the ther- increased by 18.06%. Likewise, the melting time is reduced by
mal performance. It is recommended to use high thermal con- 68.8%.
ductive material, which is compatible with PCM. It was
observed that copper, aluminium and aluminium 6063 has con- Acknowledgment
siderably better thermal performance with paraffin as com-
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e The enthalpy and melting rate is augmented by increasing the and National University of Sciences and Technology (NUST), Pak-
inlet temperature of HTF from 323.15K to 343.15K. Due to istan within their international research collaboration initiative,
increase in inlet temperature, the sensible enthalpy increases The authors would like to acknowledge both financial and in-
and therefore the overall system thermal storage capacity is kind support provided by both universities.
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ABSTRACT

Researchers are committed to develop robust and
responsive technologies for renewable energy sources to avert
from reliance on fossil fuels, which is the main cause of global
warming and climate change. Solar energy based renewable
energy technologies are valued as an important substitute to
bridge gap between energy demand and generation. However,
due to varying and inconsistent nature of solar energy during
weather fluctuations, seasonal conditions and night times, the
complete utilisation of technology is not guaranteed. Therefore,
thermal energy storage (TES) system is considered as an
imperative technology to be deployed within solar energy
systems or heat recovery systems to maximise systems
efficiency and to compensate for varying thermal irradiance.
TES system can capture and store the excess amount of thermal
energy during solar peak hours or recover from systems that
would otherwise discard this excess amount of thermal energy.
This stored energy is then made available to be utilised during
solar off peak hours or night times.

Phase change material (PCM) based TES system is
appraised as a viable option due to its excellent adoption to
solar and heat recovery systems, higher thermal storage density
and wide range of materials availability. However, due to its
low thermal conductivity (2 0.2 W/mK), the rapid charging and
discharging of TES system is a challenge. Therefore, there is a
need for efficient and responsive heat exchange mechanism to
boost the heat transfer within PCM.

In this study, transient analysis of two-dimensional
computational model of vertical shell and tube based TES
system is conducted. Commercial grade paraffin (RT44HC) is
employed in shell as thermal storage material due to its higher
thermal storage density, thermo-physical stability and
compatibility with container material. Water is made to flow in
tubes as heat transfer fluid. In this numerical study, the

Zulfigar Ahmad Khan
Nano Corr., Energy and Modelling Research
Group, Faculty of Science and Technology,
Bournemouth University.
Bournemouth, Dorset, UK

parametric investigations are performed to determine the
enhancement in charging rate, discharging rate and thermal
storage capacity of TES system. The parametric investigations
involve geometrical orientations of tubes in shell with and
without fins, inlet temperature and volume flow rate of HTF.

It is evident from numerical results that due to increase in
effective surface area for heat transfer by vertical fins, the
charging and discharging rate of paraffin based TES system can
be significantly increased. Due to inclusion of vertical fins,
conduction heat transfer is dominant mode of heat transfer in
both charging and discharging processes. Furthermore, vertical
fins do not restrict natural convection or buoyancy driven flow
as compared to horizontal fins. Similarly, the inlet temperature
has a noticeable impact on both charging and discharging
process. In melting process, the sensible enthalpy is boosted due
to rise in inlet temperature and thus the whole system thermal
storage capacity is enhanced. Likewise, the effect of volume
flow rate of HTF on charging and discharging rate is moderate
as compared to inlet temperature of HTF. The numerical results
are validated by experimental results.

To conclude, these findings present an understanding into
how to increase charging and discharging rate of TES system so
as to provide feasible design solutions for widespread domestic
and commercial utilisation of TES technology.

INTRODUCTION

Dependency on fossil fuels for power generation has
instigated immense threat to clean air and ozone layer which are
main sources behind recent global warming and climate change
[1, 2]. Likewise, world power consumption is continuously
increasing with economic development. Therefore, there is a
need of developments in renewable energy sector to minimise
reliance on fossil fuels for power generation.

Solar energy is termed as decisive renewable energy source
for its enormous quantity of free and clean incident solar
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radiations. Thus, the interest in utilising solar energy source to
meet global energy demand has been boosted in recent years
[3]. Nano Corr., Energy and Modelling Research Group at
Bournemouth University, UK is keenly engaged in developing
robust and responsive technologies to attain maximum benefit
from solar energy sources [4-6].

However, due to highly unforeseeable and dubious nature
of solar energy caused by weather fluctuations and day/night
times, the far-reaching benefits are highly affected. In order to
respond to unpredictable nature of solar energy, thermal energy
storages (TES) system is gauged as a suitable option due to its
great acceptance to solar energy. TES system can capture the
excess thermal energy at solar peak periods and bring it into
service during solar off-peak periods or night-time.

TES system is categorised into three groups, which are
sensible heat storage (SHS), latent heat storage (LHS) and
thermo-chemical system. In order to store same quantity of
thermal energy, the required mass for rocks (SHS) will be seven
times to organic paraffin (LHS) and eight times to salt hydrate
(LHS) [7, 8]. Therefore, LHS is regarded as better option due to
its higher thermal storage capacity, higher heat of fusion per
unit volume, lower vapour pressure, phase change materials
(PCM) availability in wide range of temperatures and almost
isothermal thermal energy storage and retrieval [9, 10].

Despite these favorable properties, PCMs have low thermal
conductivity (= 0.2 W/mK), which hinders rapid charging and
discharging of LHS system and thus the practical utilisation is
highly affected. Hence, LHS system requires a responsive heat
transfer mechanism within PCM to boost thermal charging rate
and discharging rate. In past 2 decades, substantial research has
been conducted to identify techniques for enhancing thermal
performance of LHS system. Among all techniques, geometrical
configuration with extended surfaces[11, 12], addition of high
thermal conductivity additives [13, 14] and encapsulation
techniques [15, 16] have been studied the most.

In this paper, two dimensional transient computational
model of shell and tube with longitudinal fins based LHS
system is simulated to find effective parameters that promise
rapid melting and solidification of PCM in LHS system. This
paper is focused on studying impact of longitudinal fins,
geometrical configurations of fins and operating conditions on
thermal performance of LHS system. Morcover, experimental
examinations are conducted to validate the simulated
computational model. This paper will give an insight and
understanding into how to improve charging and discharging
rate of LHS system so as to enlarge its practical utilisation in
domestic and industrial applications.

PHYSICAL MODEL

The schematic of LHS system connected to flat-plate solar
collector is represented in Fig. 1. The model is comprised of
LHS tank, flat-plate solar collector, pump and connection to
mains water supply. The serpentine type flat-plate solar
collector is previously designed and developed in Nano Corr.,
Energy and Modelling Research Group at Bournemouth

University, UK by Helvaci and Khan [4, 5]. Shell and tube heat
exchange mechanism is designed for LHS tank, as depicted in
Fig. 2. The thickness, height and outer diameter of shell are 1
mm, 320 mm and 450 mm, respectively. The outer diameter and
thickness of tube is 22 mm and Imm, respectively. Tubes are
connected with longitudinal fins. The length, height and
thickness of longitudinal fins are 40 mm, 230 mm and 1.5 mm,
respectively. Copper is used as construction material for shell,
tube and fins. Paraffin (RT44HC) is employed in shell as PCM,
due to its excellent chemical stability, compatibility with
copper, high latent heat storage capacity and low cost [12, 17].
The thermo-physical characteristics of RT44HC are listed in
Table 1. Water is used as heat transfer fluid (HTF) in tube. The
flow pattern of water within LHS tank is represented by blue
arrows in Fig. 2.

1

HTF
(High Temperature)

b A

/—\‘J

PCM : RT44HC

Hot Water

Supply

B < Lis

—)—

B
Flow meter

Pump

Fig. 1 Schematic of LHS system with flat plate solar
collector

During melting process, water from mains supply is
initially run through the whole system to make sure that the
system is completely filled with water. Now, water supply from
mains is turned off to make a close loop. Water is pumped
through flat-plate solar collector, where solar radiations are
converted to thermal energy. Thermal energy is transferred to
water and therefore, it rises water temperature. Water at high
temperature is now directed to pass through tubes in LHS tank,
where it loses thermal energy to PCM. Thermal energy from
water charges LHS system by melting PCM. The closed cycle is
repeated until the entire mass of PCM is melted.

During solidification process, high temperature water
supply from flat-plate collector is turned off at point A, as
shown in Fig. 1. Also, the connection between LHS tank and
pump is switched off at point B. Now, the connections for mains
supply at point A and hot water supply at point B are switched
on. Cold water from mains is made to run through tubes in LHS
tank, where it extracts thermal energy from PCM. Solidification
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of PCM starts as thermal energy is extracted. Open cycle is
stopped once whole mass of PCM is solidified.

Table 1
Thermo-physical properties of RT44HC [6, 17]

315.15-317.15 K

Phase transition temperature TPC

Latent heat of fusion 255 (kJ/kg)

Specific heat C, 2.0 (kl/kg. K)

0.2 (W/m. K) (solid);

Thermal conductivity k 0.2 (W/m. K) (liquid)

800 (kg/m’) (solid);

Densit
ensity £ 700 (kg/m®) (liquid)

Dynamic viscosity £ 0.008 (kg/m. s)

Coefficient of thermal expansion /3 0.00259 (1/K)

450 mm |

320 mm

Fig. 2 Sketch of physical model of shell and tube based LHS
tank

NUMERICAL MODEL AND BOUNDARY CONDITIONS

Numerical model for investigating phase transition rate and
thermal storage capacity of LHS system is based on
conservation of mass, momentum and energy equations. The
conservation of mass equation is:

op
—+pVu=0 (@]
ot r

where W and O represent velocity vector and density,

respectively. Similarly, momentum equation is expressed as
follow:

p%+p(ﬂ.V)u =-Vp+puAu+F+Su (2

where p, f, F and Surepresent pressure, dynamic
viscosity, buoyant force vector and momentum source term,

respectively. Buoyant force term ' in Eq. (2) can be calculated
by employing Boussinesq approximation [18], as follow:

F=pgp(T-T,) ()

where 8 and T,

expansion and reference phase transition temperature. Similarly,
momentum source term SU can be calculated by implementing
Kozeny-Carman equation, which is calculated by using Darcy
law for flow in porous medium, as follow[19]:

u=—K(l_f3)2 u
(@+f7)

represent coefficient of thermal

#

where K, @ and [ represent mushy zone constant, small
constant value to avoid division by zero and fraction of phase
transition, respectively. In current study, & is set to 10° and
a to 107, Likewise, f can be described as follow:

TOT <L
f= T:T T <T<T, )
1 K T>T;
1

where T, and T, represent temperature of solid zone and
liquid zone of PCM, respectively. Phase change of PCM
initiates during interval of T, <T <T,. Likewise, the

conservation of energy is illustrated as follow:

o(C,T)

o +pVA(C,Tu)=kAT +q 6)

ol
where Cp, T, k and ¢ represent specific heat at

constant pressure, temperature, thermal conductivity and heat
source term, respectively. During phase transition, the effective
specific heat capacity can be obtained by differentiating specific
enthalpy of LHS system with temperature [6], as follow:
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1 0
€=U Gy LGy Hi=H.)

2p

where H represents specific enthalpy of LHS system.
Solid and liquid phases of PCM are represented by indices §
and [, respectively.

During melting process, the entire LHS system is assumed
to be at initial room temperature, which is 291.15K. As
discussed in Table 1, the phase transition temperature of PCM is
315.15K. Therefore, the initial temperature of LHS system
guarantees that entire mass of PCM is in solid phase. Inlet
temperature of HTF is set to three constant boundary
temperatures, which have a temperature difference of 10K, 15K
and 20K to phase transition temperature of PCM, respectively.

Likewise in solidification process, LHS system is set to
325.15K, which has a temperature difference of 10K with phase
transition temperature. Therefore, it shows that initially entire
mass of PCM is in liquid phase. In solidification process, the
municipal cold water is employed as HTF. Thus, three inlet
temperatures of HTF are investigated, which are 285.15K,
288.15K and 293.15K, respectively.

COMPUTATIONAL MODEL

Finite element analysis approach is implemented to
discretise aforementioned governing equations. Coupled
thermal energy transfer and non-isothermal techniques are
adopted to simultaneously solve governing equations for both
HTF and PCM. Second order backward differentiation formula
is exercised to ensure relative tolerance for each time step.
Relative tolerance is kept at constant value of 0.001. In order to
simplify the computational model, the wvalue for inlet
temperature of HTF is assumed to be constant. Likewise, the
influence of mesh size and time steps on phase transition rate is
examined by conducting comparative investigations at constant
inlet temperature. As depicted in Table 2, for initial three cases,
the time step is kept constant at 1 min whereas mesh size is
varied. The result indicates that for constant time step, the phase
transition time for entire PCM in LHS tank is almost similar for
case II and case III. However, a significant difference is noticed
in phase transition time between case I and case II. Likewise, in
case IV and case V, the time step is varied whereas mesh size is
kept constant. It is noticed that the phase transition time for case
IV and case V is having an insignificant percent error of 1.35
and 2.03 as compared to case II.

Therefore, the chosen time step and mesh numbers for this
computational model are 1 min and 57861, respectively. Fig. 3
depicts mesh configuration adopted for this computational
model. Parametric sweep is implemented to investigate the
impact of various operating conditions on phase transition rate
and thermal storage capacity.

Table 2
Validation of mesh independency and time stepping [6]

Case Mesh Time step Melt time Percent Error
Numbers (min) (min)

I 28674 1 396 10.6

I 57861 1 443 -

I 61932 1 441 0.45

IV~ 57861 0.25 437 1.35

\ 57861 0.5 452 2.03

Fig. 3 Mesh configuration of shell and tube with
longitudinal fins LHS tank

RESULTS AND DISCUSSION
In this section, the results attained from numerical
investigations and experimental examinations are discussed.

PERFORMANCE OF TUBE IN SHELL WITH AND
WITHOUT FINS

Prior to investigating thermal performance of shell and tube
with fins, the computational model is implemented to shell and
tube without fins. The inlet temperature of HTF is fixed at
335.15K. Four data points are selected to inspect the thermal
performance of the system, as depicted in Fig. 4. It is noticed
that due to less surface area for heat transfer, the rise in
temperature is very slow. It is also observed that although the
temperature difference between HTF and PCM in inlet zone is
higher, it still requires 4.7 hours for complete melting of PCM.
Likewise, the PCM in outlet zone needs almost 6.7 hours to
completely melt. It shows that due to low thermal conductivity
of PCM, the thermal performance of shell and tube heat
exchanger without fins is poor. Thus, LHS system demands a
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geometrical configuration that guarantees rapid charging and
discharging.

—Inlet =—E-1 ——E-2 —Outlet
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Fig. 4 Temperature plot of PCM in shell and tube without
fins configuration. Inlet temperature is set to 335.15K.
Four zones for inspecting temperature data within LHS
tank are selected: 1) Inlet 2) Exterior E-1 3) Exterior E-2 4)
Outlet.

Thermal performance of shell and tube heat exchanger with
longitudinal fins is illustrated in Fig. 5. It is noticed that due to
inclusion of longitudinal fins, the effective area for heat transfer
increases which enhances thermal performance and heat
distribution. As depicted in Fig. 5, the rise in temperature is
faster as compared to shell and tube with no fins configuration.
In this case, the inlet zone is completely melted in 1.7 hours and
outlet zone in 2.25 hours. Melting time in inlet zone for shell
and tube with fins configurations is reduced by 63.82% as
compared to shell and tube configuration without fins.
Therefore, it is recommended to use longitudinal fins to attain
higher phase transition rate of LHS system.
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29115
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Fig. 5 Temperature plot of PCM in shell and tube with
longitudinal fins orientation. Inlet temperature is kept
constant at 335.15K.

GEOMETRICAL CONFIGURATIONS OF FINS

The geometrical configurations of longitudinal fins
significantly influence the thermal behavior of LHS system.
Therefore, parametric investigations are conducted to identify
the impact of fins length and fins thickness on thermal storage
behavior and melting rate. In all cases, the inlet temperature of
LHS system is kept constant at 335.15K.

106

Case (b): Fins length =25.4 mm

Melting Fraction

i e
= ~ s
|
03
{ 04
03
02
y 01
o

Case (¢): Fins length = 31.75 mm Case (d): Fins length =38.10 mm
Fig. 6 Melting fraction and thermal contours of LHS system
in response to varied fins lengths. Inlet temperature is set to
335.15 K.

Melting Fraction

Case (¢): Fins thickness = 3 mm
Fig. 7 Impact of fins thickness on melting fraction after
charging LHS system with constant inlet temperature of
335.15 K for two hours.

Case (4): Fins thickness = 4 mm
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It can be noticed from Fig. 6 that due to an increase in fins
length, the melting rate of PCM in LHS system is significantly
enhanced. Fins lengths are investigated in range of 12.70 mm to
38.10 mm. As depicted in Fig. 6, the distribution of temperature
in entire system for 38.10 mm fins is better than others cases
due to an increase in effective surface arca for heat transfer.
Likewise, after two hours of heat transfer from HTF to PCM at
constant inlet temperature, the liquid fraction of PCM for case
(a), (b), (c) and (d) are registered to be 64.34%, 82.80%,
92.06% and 96.86%, respectively. It shows that with an increase
in fins length, the melting/charging time of LHS system can be
significantly reduced. However, thermal storage capacity is
slightly reduced due to inclusion of lengthy fins. Thermal
storage capacity of 38.10 mm is 1.94% lesser than 12.70 mm.
Nevertheless, the slight reduction in thermal storage capacity
does not diminish the importance of rapid charging and
discharging of LHS system produced by inclusion of lengthy
fins.

Time (h)

1h 2h

325.15K

Inlet Temperature of HTF
330.15K

335.15K

Likewise, the influence of fins thickness ranging from 1
mm to 4 mm on thermal behavior of LHS system is studied.
During this investigation, the fins length is set constant at 38.10
mm. As shown in Fig. 7, fins thickness displayed a moderate
influence on melting rate as compared to fins length. Similarly,
the effect on temperature distribution within LHS system is
insignificant. The total melting time for case (b), (c) and (d) are
reduced by 12.04%, 20.37% and 22.68% as compared to case
(a). However, thermal storage capacity is compromised by using
thicker fins. Thermal storage capacity for 4 mm is decreased by
4.3% as compared to 1 mm. Thus, it is recommended to use
lengthy thin fins.

OPERATING CONDITIONS

In order to investigate the performance of shell and tube
orientation with longitudinal fins under various operating
conditions, the inlet temperatures of 325.15 K, 330.15 K and
335.15 K are inspected in melting process. Likewise, the inlet

1
0.9
0.8
E 4 0.7
106 S
g
[i=]
105 2
G
=
04

Fig. 8 Comparison of melting fraction of LHS system at various inlet temperatures of HTF
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temperature of 285.15 K, 288.15 K and 293.15 K are tested in
solidification process.

During melting process, it is observed that heat transfer
between HTF and PCM is boosted due to higher temperature
difference caused by an increase in inlet temperature of HTF.
Due to higher heat transfer, the melting rate of PCM improves,
as shown in Fig. 8. It can be observed that during 325.15 K as
inlet temperature, due to higher temperature difference between
inlet temperature of HTF and PCM in inlet zone (left side of Fig
.8), the melting rate is higher and therefore HTF loses thermal
energy to PCM. HTF drops temperature as it loses thermal
energy. Thus, the melting rate in central zone and outlet zone
(right side of Fig. 8) is comparatively lower due to smaller
temperature difference.

Similarly, due to rise in inlet temperature, the temperature
difference improves throughout the LHS tank, as depicted in
Fig. 8. It can be noticed that in case of 335.15 K, almost entire
mass of PCM is either in mushy zone or liquid form. After 3
hours of charging at constant inlet temperatures, it is observed
that liquid fractions for 325.15 K, 330.15 K and 335.15 K are
86.71%, 97.84% and 99.9%, respectively. It indicates that with
an increase in inlet temperature, the overall charging time of
LHS system can be reduced. Moreover, with an increased inlet
temperature, the sensible energy of system is boosted.
Therefore, a higher overall thermal storage capacity is achieved.
Overall system enthalpy can be increased from 317kJ/kg to
345kJ/kg by rising inlet temperature of HTF from 325.15 K to
335.15K.

During solidification process, the thermal energy is
transferred from PCM to HTF. In this numerical investigation,
three inlet temperatures of HTF are tested which are 285.15 K,
288.15 K and 293.15 K. These values are sclected as the
temperature of municipal water is in the range of 285.15 K to
293.15 K. The solidification times for entire LHS tank at all
three inlet temperatures are 2.05, 2.32 and 2.78 hours,
respectively. Due to higher temperature difference of PCM with
HTF at 285.15 K, the solidification rate is higher.

~——Inlet - 285.15K  ==Inlet - 288.15K Inlet - 293.15K

Time (h)

(A)

—Outlet-285.15K  —Outlet - 288.15K Outlet - 293.15K

330.15

Time (h)

B)

Fig. 9 Numerical examination of temperature response to
PCM at inlet (A) and outlet (B) zones upon three different
inlet temperatures

As shown in Fig. 9, thermal energy is promptly extracted
from inlet zone with inlet temperature of 285.15 K as compared
to inlet temperature of 293.15 K. Similarly in outlet zone, the
solidification of entire PCM requires 1.4 hours and 1.98 hours
for inlet temperature of 285.15 K and 293.15 K, respectively.

EXPERIMENTAL RESULTS

The experimental setup includes serpentine type flat-plate
solar collector, LHS tank, water circulating pump, connections
to mains water supply and K-type thermocouples with data
acquisition unit. The serpentine type flat-plate solar collector is
previously designed and commissioned by Helvaci and Khan
[4, 5]. Based on numerical simulation results, the LHS tank is
designed and manufactured as per specifications shown in Fig.
2. Prior to connecting LHS tank to flat-plate solar collector,
leak tests are performed to ensure safety and system efficiency
as otherwise water seepage will disturb thermo-physical
properties of PCM. The joints and elbows are given special
attention for any leakage. Initially, high pressure air equals to 4
bar is inserted to LHS tank by connecting it to a compressor.
Foamy liquid leak detector is applied to all joints and elbows.
After air leak test, the pressurised air is released. Similarly,
water leak test is performed to cross check any seepage. In
water leak test, the outlet valve is closed and water is pumped
through inlet valve to generate pressure within tube loop of
LHS tank. The inlet valve is also closed once sufficient pressure
is developed. The pressurised water is left within tubes for 48
hours to identify any leakage. No seepage is detected in both air
and water leak tests.

In order to conduct experimental investigations, the
connections between flat-plate solar collector and LHS tank is
made by following the schematic shown in Fig. 1. In data
recording system, K type thermocouples are employed at inlet
and outlet zone at various depths in LHS tank to investigate the
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temperature response of PCM during melting and solidification
process. Titan FT2 Hall Effect flow meter is utilised to measure
and control the flow rate of water. Thermocouples and flow
meter are connected to Agilent 34970A data acquisition unit to
record data in computer interface. The time step for data
recording is set to 10 s.

During melting/charging process, water is initially run from
mains to confirm that the system is completely filled with water.
Also, it helps in bringing down the temperature of PCM in LHS
tank to approximately 291.15 K, which provides a better
reference point for comparison. The water supply from mains is
then turned off to make a close loop. Water circulating pump is
operated to circulate water at various flow rates through flat-
plate solar collector, where water absorbs thermal energy from
collector and rises its temperature. Water at high temperature is
directed through LHS tank, where it releases thermal energy to
PCM. Three inlet temperatures of water are tested: 325.15 K,
330.15 K and 335.15 K. Likewise, the various volume flow rate
of water range from 1.5 Ipm to 3 Ipm. The range of volume flow
rate is selected in accordance to thermal performance of flat-
plate solar collector.

In order to examine thermal behavior of PCM against
various flow rates of water, the inlet temperature of water to
LHS tank is kept constant at 335.15 K and three volume flow
rates are experimented, as shown in Fig. 10. The selected
volume flow rates are 2 Ipm, 2.5 Ipm and 3 Ipm. The
temperature data in Fig. 10 are collected from thermocouple
installed at inlet zone with probe depth of 160 mm (central
depth of LHS tank). It can be noticed from Fig. 10 that with an
increase in volume flow rate of water, the melting time of PCM
reduces and consequently, the charging time of LHS tank can be
decreased. As depicted, the melting time for PCM at inlet zone
is reduced by 9.65% and 22.81% as the volume flow rate is
increased from 2 Ipm to 2.5 Ipm and 3 Ipm, respectively. The
sensible portion of heat storage, before and after phase
transition, almost behaved in a similar manner for all flow rates.
However, the latent portion of heat storage is considerably
influenced by varying flow rates.

After charging the LHS tank, the entire mass of PCM is in
liquid state. In order to conduct solidification/discharging test,
the hot water connection between solar collector and LHS tank
is turned off and cold water from mains supply is directed
through LHS tank. Water extracts thermal energy from PCM as
it runs through pipes of LHS tank. Solidification of PCM begins
as it starts losing the latent portion of thermal energy to water.
Experimental examinations are conducted to identify the impact
of varying flow rates of cold water on thermal performance of
PCM in LHS tank. Three volume flow rates of water are
experimentally examined: 1.5, 2 and 2.5 lpm. Inlet temperature
of cold water for all cases is constant at 285.15 K. As depicted
in Fig. 11, the varying flow rate of water has a minimal impact
on thermal performance of LHS system in solidification
process. The temperature profiles for all three flow rates are
almost identical. Due to higher temperature difference between
inlet water temperature and liquid PCM, the extraction of

thermal energy from PCM is rapid. Therefore, the phase
transition of PCM from liquid to solid at inlet zone is faster than
other zones within LHS tank.

—Inlet Zone, vir =2 Ipm Inlet Zone, vir=2.5 Ipm

—Inlet Zone, vir =3 Ipm

PCM Temperature (K)
L e I IS R R A )

0 0.5 1 1.5 2 235 3 35
Time (h)

Fig. 10 Experimental examination of temperature response
of PCM during melting process at various time intervals for
various flow rates. The inlet temperature of HTF is kept
constant at 335.15 K.
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Fig. 11 Experimental investigation of temperature response
of PCM during solidification process at various time
intervals for various flow rates. The inlet temperature of
water is kept constant at 285.15 K.

For validation purpose, experimental results at inlet zone
for charging process is compared with numerical model
simulation results, as shown in Fig. 12. The experimental data is
collected from thermocouple at inlet zone with probe at central
depth of LHS tank. It can be seen that both results are in good
agreement, however the slight variation in experimental results
is caused due to buoyancy driven natural convection. Liquid
PCM molecules at higher temperature rise above the surface
and subsequently, the rise in temperature in bottom and central
surfaces are slower than the top.
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Fig. 12 Validation of numerical simulation results with
experimental results. Inlet temperature and mass flow rate
in both cases are set to 335.15 K and 2 Ipm.

CONCLUSION

This paper is focused on identifying viable design solutions
that would assure rapid charging and discharging rate of solar
based LHS system. Numerical analyses are conducted on two
dimensional transient computational models of longitudinal fins
based LHS system. Parametric investigations have indicated
that longitudinal fins length is an effective parameter as
compared to fins thickness. Moreover, inlet temperature of HTF
has shown significant influence on thermal performance as
compared to volume flow rate. Numerical results are validated
by experimental examination of LHS system. Both results have
shown a good agreement. Shell and tube with longitudinal fins
has exhibited an excellent thermal performance by quick
charging and discharging rate of LHS system. Due to rapid
charging rate, higher thermal storage capacity of LHS system
can be achieved in shorter period of time. Similarly, prompt
availability of required thermal energy can be guaranteed by
adapting to the unique design of LHS system. Also, the LHS
unit is flexible to scale-up or to operate in series in order to
meet required energy demands. The improved thermal
performance can yield good spatial, time and economic
advantages in number of domestic and industrial applications.
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NOMENCLATURE
Cp Specific heat (kJ/kg. K)
F Buoyant force (Pa/m)

Fraction of PCM in solid and liquid phase
Gravitational acceleration (m/s%)

Specific enthalpy (MJ)

Thermal conductivity (W/m. K)

Latent heat (kJ/kg)

TNT e~

Temperature (K)

Phase transition temperature (K)

Pressure (Pa)

Heat source term (W/m®)
u Momentum source term
Velocity vector (m/s)

=(,J»-Q.B_=>-]

Greek symbols

a Small constant value
Vi) Coefficient of thermal expansion (1/K)
K Morphology constant of mushy zone
P Density (kg/m’)
H Dynamic viscosity (kg/m. s)
Subscripts
§ Solid phase of PCM
l Liquid phase of PCM
Abbreviations
HTF Heat transfer fluid
LHS Latent heat storage
PCM Phase change material
vir Volume flow rate
lpm Liter per minute
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Abstract

Due to vulnerability of solar energy based technologies to weather fluctuations and variations in solar
thermal irradiance, thermal energy storage (TES) systems with their high thermal storage capacity
offer a sustainable solution. In this article, experimental investigations are conducted to identify
thermal performance of latent heat storage (LHS) unit in connection with flat plate solar collector
during charging cycles. LHS unit is comprised of novel geometrical configuration based shell-and-
tube heat exchanger with longitudinal fins, paraffin as thermal storage material and water as heat
transfer fluid (HTF). In order to overcome the effect of low thermal conductivity of paraffin, the
effective surface area and overall thermal conductivity for heat transfer is significantly improved by
employing longitudinal fins. Moreover, the vertical orientation of longitudinal fins supports natural
convection, which can assure rapid charging of paraffin in LHS unit. In experimental tests, the focus
is on probing the heat transfer mechanism and temperature distribution in entire novel LHS unit, the
influence of inlet temperature and volume flow rate of HTF on phase transition rate and mean power.
Experimental results revealed that natural convection significantly influences the phase transition rate.
Therefore, enthalpy gradient is noticed between paraffin at top, central and bottom positions in LHS
unit. Likewise, the phase transition rate and mean power of LHS unit is significantly increased by a
fraction of 50.08% and 69.71% as the inlet temperature of HTF is increased from 52 °C to 67 °C,
respectively. Similarly, it is concluded that volume flow rate of HTF has a relatively moderate
influence on thermal performance; however the influence declines with an increase in inlet
temperature of HTF. Due to significant enhancement in thermal performance, the novel geometrically
configured LHS unit can accumulate about 14.36 MJ of thermal energy in as less as 3 hours.
Furthermore, a broad range of domestic and commercial energy demands can be fulfilled by simply
assembling several LHS units in parallel sequence.

Keywords

Thermal energy storage, Latent heat storage, Phase change material, Shell-and-tube heat exchanger,
Heat transfer, Natural convection.
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1. Introduction

Energy is the backbone of a country economic development. Due to rapid increase in industrial and
domestic energy demands, the dependency on fossil fuels to meet required energy demands have
further increased. However, the excessive usage of fossil fuels have provoked global warming and
climate change [l, 2]. Therefore, in order to limit environmental pollutions and to meet energy
demands, developments in technologies are essential to utilise renewable energy sources. Solar energy
is considered as a crucial renewable energy source due to its clean, free of cost and worldwide
distribution of incident solar radiations [3, 4]. However, the fragmentary and inconsistent nature of
solar radiations has affected the widespread applications of solar energy. To overcome the
inconsistent and unpredictable nature of solar energy, TES system can provide a feasible solution.
TES system can be utilised to capture thermal energy at solar peak hours and release it at solar off
peak hours or night times. To shorten the energy supply and demand gap, LHS systems can be
employed due to their higher thermal storage density, phase change materials (PCM) availability at
wide range of temperatures, higher latent heat capacity at almost isothermal condition and lower
vapour pressure [5, 6].

LHS systems are employed in number of applications including solar thermal systems, energy
management and peak-shaving, waste heat recovery, building heating and air conditioning,
agricultural drying units and automobile [7-13]. However, the widespread practical utilisation of LHS
system is still under the influence of low thermal conductivity (= 0.2 — 0.4 W/m.K) of PCM, which
handicaps the rapid charging and discharging of thermal energy [14]. Therefore, to improve thermal
performance of LHS system, efficient and responsive heat exchanging techniques are essential to be
adopted. A substantial number of research articles have been published that concern developments in
thermal performance of LHS system including geometrical configuration [15], using extended
surfaces [16], addition of thermal conductive additives [17], form stable and encapsulation of PCM
[18, 19].

Thermal performance of LHS system is highly influenced by geometrical configuration of heat
exchanger. Therefore, this article is focused on shell-and-tube heat exchanger based LHS systems due
to the fact that it presents relatively better heat transferring performance and possesses excellent
integration to number of engineering applications [20]. Wang et al. [21] conducted numerical
investigations to examine thermal performance of n-octadecane in horizontal shell-and-tube heat
exchanger. It was observed that with an increase in inlet temperature of HTF, the phase transition time
was significantly reduced and the amount of thermal energy stored was non-linearly increased.
However, with an increase in mass flow rate, the melting time was reduced whereas the amount of
thermal storage was not significantly affected. Similarly, Tay et al. [22] performed experimental
investigations on thermal performance of water as PCM in vertical tubes-in-tank heat exchanger. It
was observed that an increase in mass flow rate from 0.01 kg/s to 0.07 kg/s reduced the phase
transition duration from 215 min to 88 min. Hosseini et al. [23] conducted an experimental and
numerical study to identify the influence of natural convection and inlet temperature of HTF on phase
transition rate of paraffin in horizontal shell-and-tube heat exchanger. It was reported that natural
convection highly influenced melting rate of paraffin in upper portion of shell. Likewise, it was
noticed that the melting time was reduced by a fraction of 37% with an increase in inlet temperature
from 70 °C to 80 °C. Likewise, Meng and Zhang [24] conducted an experimental and numerical
investigation of melting behaviour of paraffin composite with copper form in vertical shell-and-tube
heat exchanger. It was noticed that due to natural convection the temperature at top portion was higher
as compared to other portions. Likewise, with an increase in inlet temperature of HTF from 75 °C to
85 °C, the melting time was reduced by a fraction of 41.67%. Moreover, an increase in flow velocities
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of HTF from 0.1 m/s to 0.2 m/s had only reduced the melting time by 15.1%. Furthermore, Esapour et
al. [25] numerically investigated the melting behaviour of paraffin in horizontal shell-and-tube heat
exchanger. It was noticed that with an increase in number of HTF tubes from 1 to 4, the melting time
was reduced by 29%. Likewise, Luo et al. [26] numerically examined the effect of HTF tubes number
and their orientations in horizontal shell-and-tube heat exchanger on thermal performance. It was
noticed that melting time for single HTF tube was 5 times as compared to nine HTF tubes case.
Likewise, centrosymmetric configuration showed better thermal performance than staggered and
inline configurations.

It can be construed from previous literature that shell-and-tube heat exchanger configurations have
significant influence on thermal performance of LHS system. However, the optimal advantages are
still hindered by low thermal conductivity of PCM. Therefore, the most appropriate and cost effective
technique to enhance thermal performance is to incorporate extended surfaces. Rathod and Banerjee
[27] conducted an experimental examination of melting behaviour of stearic acid in vertical shell-and-
tube heat exchanger with three longitudinal fins configuration. It was observed that with longitudinal
fins, the melting time was reduced by 24.52% as compare to no fins orientation. Yuan et al. [28]
examined the impact of longitudinal fins on melting rate of lauric acid in horizontal shell-and-tube
heat exchanger. It was noticed that complete melting time was reduced from 328 min for no fins
orientation to 180 min for two fins orientation. Likewise, the peak melting enhancement ratio for inlet
temperatures of 60 °C, 70 °C and 80 °C were 1.403 to 1.362, and 1.328, respectively. Li and Wu [29]
conducted numerical investigations on thermal performance of NaNOs in horizontal shell-and-tube
heat exchanger with and without longitudinal fins. It was noticed that average total heat flux of heat
exchanger was increased by inclusion of six longitudinal fins and consequently, the melting time was
reduced by 20%. Rabienataj Darzi et al. [30] numerically examined the influence of number of fins on
melting time of n-eicosane in horizontal shell-and-tube heat exchanger. It was reported that as
compared to no fins orientation, the melting time was reduced by 39%, 73%, 78% and 82% by
incorporating 4, 10, 15 and 20 fins, respectively. However, with an increase in number of fins, the
influence of natural convection on melting rate was affected. Likewise, Tao and He [31]
recommended that non-uniform melting front and temperature distribution caused by natural
convection could be improved by inclusion of longitudinal fins. However, the uniformity could be
distorted again if excessively large fins number, height and thickness are employed. Wang et al. [32]
conducted numerical analyses to identify the impact of various angles between three longitudinal fins
on thermal performance of PCM in horizontal shell-and-tube heat exchanger. The selected angles
between adjacent fins were 30° 60° 90° and 120°. It was reported that fins angle 60° and 90°
displayed better heat transfer enhancement. Moreover, Liu and Groulx [33] experimentally
investigated the thermal behaviour of dodecanoic acid in horizontal shell-and-tube heat exchanger
with four longitudinal fins configuration. Longitudinal fins were installed in two orientations such as
straight and angled. It was reported that natural convection was a dominant mode of heat transfer.
Likewise, it was observed that inlet temperature of HTF has more prominent impact on thermal
behaviour as compared to flow rate of HTF. Also, it was reported that angled fins showed a slightly
lower melting time as compared to straight fins. However, the impact of angled fins declined with an
increase in inlet temperature.

Beside longitudinal fins, the other proposed design solutions for thermal performance enhancement
with extended surfaces are radial, helical, pinned and triplex fins. Tay et al. [34] conducted numerical
investigations on three models of tubes-in-tank heat exchanger configurations without fins, with pins
and with radial fins. It was concluded that radial fins based heat exchanger had better phase transition
rate and average effectiveness as compared to without fins and with pins orientations. However, a
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comparative study illustrated that longitudinal fins possess better thermal storage performance. Caron-
Soupart et al. [35] experimentally studied the melting behaviour, heat exchanger power and thermal
storage density of three vertical shell-and-tube heat exchanger configurations. The three selected
orientations were tube without fins, with longitudinal fins and with radial fins. It was observed that
heat exchanger orientations with longitudinal fins and circular fins showed significantly higher
melting rate as compared to no fins orientation. Likewise, heat exchanger power was augmented by a
factor of 10 as compared to no fins orientation. However, thermal storage density was noticeably
reduced by radial fins orientation as compared to no fins orientation. Similarly, Agyenim et al. [36]
experimentally examined the thermal performance of erythritol in horizontal shell-and-tube heat
exchanger with three varied orientations of no fins, circular fins and longitudinal fins. It was reported
that longitudinal fins orientation showed comparatively better thermal performance. Hence, it can be
deduced from literature that longitudinal fins in vertical orientation of shell-and-tube heat exchanger
has better thermal performance in terms of phase transition rate, thermal storage density and assisting
natural convection. Moreover, it is noticed that major part of literature is based on numerical
investigation of shell-and-tube heat exchanger with extended surfaces, lacking the experimental
investigations of proposed shell-and-tube heat exchangers. Likewise, the literature also lacks the
experimental investigation of multiple passes of tube with extended surfaces in shell-and-tube heat
exchanger.

This article is focused on experimental investigation of a novel shell-and-tube heat exchanger with
longitudinal fins based LHS unit, which is coupled with flat plate solar collector. The computational
model of novel geometrical configuration of LHS unit is previously designed and simulated by
authors in [37]. The optimum design of shell-and-tube heat exchanger configuration was developed
by conducting numerical analysis to examine the impact of number of tube passes, their placement in
the shell, geometry of longitudinal fins and construction material on phase transition rate and thermal
storage capacity of LHS unit. In this paper, the unique geometrical configuration based LHS unit is
connected to flat plate solar collector with solar simulators to perform charging cycles at various
operating conditions. Moreover, this paper is focused on discussing the influence of natural
convection, inlet temperature and volume flow rate of HTF on temperature distribution, phase
transition rate and mean power. Furthermore, this article will give an understanding into how to utilise
this novel LHS unit in wide ranging domestic and commercial applications to meet large scale thermal
energy demands.

2. Experimental setup and procedure
2.1 Description of experimental setup

For present study, an experimental setup is designed as illustrated in Fig. 1. The system is comprised
of flat plate solar collector with solar simulator, latent heat storage tank, circulation centrifugal pump,
a flow meter, connection to building water tank and data acquisition unit with computer.

Flat plate solar collector consists of glazing cover, stainless steel absorber, serpentine copper tubing
circulation system and insulations. Transparent glass sheet with 2 mm thickness is utilised as glazing
cover to dampen convection and radiation losses from solar collector. The emissivity and
transmittance of glazing cover are 0.92 and 0.9, respectively. Likewise, absorber is composed of Imm
thick stainless steel S280 sheet. In order to attain high absorptivity, the absorber is coated to dark
black surface. The absorptivity, emissivity and thermal conductivity of absorber are 0.9, 0.9 and 50
W/m.K, respectively. Similarly, circulation system is comprised of serpentine copper tubing, where
HTF gains thermal energy from absorber. The total length, outer diameter and thickness of copper
tubing are 57.5 m, 10 mm and 1 mm, respectively. Moreover, Celotex is used as an insulating material
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to reduce thermal losses from sides and rear of solar collector. The thickness and thermal conductivity
of insulating material are 100 mm and 0.022 W/m K, respectively.

Solar simulator is utilised to provide steady thermal energy through radiations to collector. It consists
of two lightening machines with twelve quartz-halogen lamps. Each lamp can emit 1 kW radiant heat
output. Kipp & Zonen CMP3 pyranometer is operated to measure average irradiance and to identify
optimum distance of solar simulator from collector. Consequently, solar simulator at a distance of 2 m
from collector has shown almost constant radiations at each point on collector. Further details about

selection of measured points and measuring average irradiance on collector surface can be found in
(38, 39]. Solar simulator has inbuilt control system to adjust radiant heat output and operation time.
During experiments, solar simulator is manually operated to generate required radiant heat output in
order to sustain constant outlet temperature of HTF from collector.
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Fig. 1 Schematic representation of experimental setup
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; 450 mm |

Fig. 2 Physical model of LHS unit and illustration of the vertical positioning of thermocouples at
different zones A, B, C, D and E.

High temperature HTF from solar collector is directed to pass through LHS unit, where it transfers
thermal energy to PCM. LHS unit consists of shell-and-tube heat exchanger with longitudinal fins and
PCM, as illustrated in Fig. 2. Shell is made of copper and the outer diameter, height and thickness of
shell are 450 mm, 385 mm and 1 mm, respectively. The exterior surface of shell is properly insulated
with 50 mm thick chlorofluorocarbon-free envirofoam to reduce thermal losses to atmosphere. The
tubes are made of copper and the outer diameter and thickness are 22 mm and 1 mm, respectively.
The tubes have 21 passes in the shell and are connected to copper longitudinal fins of height, length
and thickness as 230 mm, 40 mm and 1.5 mm, respectively. Further details about design
specifications of LHS unit are provided in Table 1. Moreover, the detail description about
geometrical orientation of tubes with longitudinal fins in shell can be found in [37]. Commercial
grade paraffin (RT44HC) is filled in shell and water is employed as heat transfer fluid that is directed
to run through tubes. Paraffin (RT44HC) is selected due to its high thermal storage capacity, good
compatibility with copper and excellent thermo-physical stability [16, 40]. Thermo-physical
properties of paraffin (RT44HC) are presented in Table 2.

Table 1
Specifications of shell-and-tube heat exchanger based LHS unit
Total volume of shell Vs 60.7E+06 mm®
Running length of tube 82 m
Volume occupied by tube Vr 3.12E+06 mm’?
Surface area of longitudinal fins 1.43E+06 mm*
Volume occupied by fins VF 1.OSE+06 mm?
Volume of LHS unit Vius=Vs— Vr— Vi 56.5E+06 mm?
Mass of paraffin 40 kg
Packing factor of PCM Veew 0-824  solid
Vs 0.942  liquid
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Table 2

Thermo-physical characteristics of paraffin (RT44HC) [16, 40]

Phase change temperature 41-44 °C

Latent heat 255 (kl/kg)

Specific heat capacity 2.0 (kl/kg. K)

Thermal conductivity 0.2 (W/m. K) solid
02 (W/m. K)

liquid
Density 800 (kg/m?) solid

700 (kg/m?) liquid
Coefficient of thermal expansion 0.00259 (1/K)

During charging cycle, high temperature water from solar collector is directed through tubes and heat
is transferred to PCM in shell. The temperature distribution within PCM in shell is recorded by using
fifteen K-type thermocouples. Five zones are selected within shell to investigate the temperature
response of PCM, which are A, B, C, D and E, as shown in Fig. 2. The selected zones are regions
closer to inlet (zone A), outlet (zone E), centre (zone C) and shell boundary (zone B and D) within
LHS unit. Three thermocouples are installed at top, central and bottom position at each of five zones.
The vertical distance between each thermocouple at each location is 115 mm, as shown in Fig. 2.
Likewise, two thermocouples are mounted on copper tube at inlet and outlet of LHS unit to record the
temperature response of HTF. Moreover, a turbine flow meter (Titan FT2 Hall Effect) is employed to
record the volume flow rate of HTF. The accuracy of thermocouples and flow meter are +0.18% and
1.5%, respectively. Also, a centrifugal pump (Grundfos type UPS 15-60) is utilised to circulate HTF
between solar collector and LHS unit. Four flow control valves are installed before and after solar
collector and LHS unit to control flow rate and direction of HTF. In order to record temperature and
volume flow rate reading, a data acquisition unit (Agilent 34972A) is used to transfer data into
computer. Agilent software is used to record data and display results on computer after each time step
of 10 s.

2.2 Experimental procedure

During charging cycle, flow control valve 1 is switched on to direct water from mains to fill up the
entire loop. The circulation of low temperature water from mains reduces the initial temperature of
LHS unit to about 10 °C and therefore, a baseline for all experimental tests is established. Likewise,
air release valve (not shown in Fig. 1) is switched on to ensure the release of trapped air in the loop.
Flow control valve 4 is turned off and subsequently valve 1 is turned off to make a close loop for
charging cycle. Likewise, flow control valve 2 and 3 are adjusted to operate charging cycle at specific
volume flow rate. In this experimental study, four different volume flow rates of HTF are tested,
which are 1.5, 2, 2.5 and 3.0 I/min. The range of volume flow rate of HTF is selected with accordance
to thermal efficiency of flat plate solar collector. Further increase to volume flow rates would not
generate the desired constant inlet temperature of HTF to LHS unit. Moreover, the thermal behaviour
of LHS unit at various constant inlet temperature of HTF is experimentally investigated. The selected
inlet temperatures values are 52, 57, 62 and 67 °C. This range is selected by considering temperature
gradient of 10, 15, 20 and 25 °C between inlet temperature of HTF and melting point of PCM. The
series of experimental tests conducted in this article is summarised in Table 3.

Solar simulator is operated to produce radiant heat output to increase thermal energy of HTF in
collector. The high temperature HTF is guided to pass through the tubes in LHS unit, where heat
transfer occurs between HTF and PCM. Due to release of thermal energy to PCM, the temperature of
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HTF drops. Therefore, the low temperature HTF is pumped back from the outlet of LHS unit to
collector to repeat the cycle. The charging cycle is completed when all thermocouples record
temperature reading higher than phase change temperature.

However, it is observed that due to slow heating up process of solar collector, the temperature of HTF
is gradually increased from ambient to selected range of temperature. Therefore at the start of
charging cycle, entire set of 12 lamps of solar simulator are switched on to target more radiant heat at
solar collector, in order to rapidly increase the temperature of HTF to selected range. Once the
selected range of temperature of HTF is achieved, the solar simulator is manually operated to ensure
constant inlet temperature of HTF to LHS unit.

Table 3

Range of experimental tests conducted

Set of Inlet temperature of Flow rate

experiments  HTF of HTF Reynolds number

1-4 52,57,62,67°C 1.5 /min 2950, 3200, 3450, 3700

5-8 52,57,62,67°C 2.0 Vmin 4000, 4300, 4600, 4900

9-12 52,57,62,67°C 2.5 /min 4950, 5350, 5750, 6150

13-16 52,57,62,67°C 3.0 /min 5900, 6400, 6900, 7400
3. Results and discussion

31 Reliability and repeatability

Repeatability study is required to examine the consistency of experimental results. Therefore, a series
of three charging cycle experiments are performed at constant inlet temperature of 62 °C and volume
flow rate of 1.5 /min. Transient temperature profiles are plotted for thermocouples installed at top,
central and bottom positions at zone C, as shown in Fig. 3. It can be observed that phase transition
time at all three positions for all experiments are clearly identical. Thus, it assures the reliability and
repeatability of experimental results showing thermal performance. Moreover, statistical standard
deviations for phase transition time at all three positions are calculated. The values of standard
deviations for phase transition time at top, central and bottom positions are computed to be 0.008,
0.029 and 0.033, respectively. However, due to an expected slight variation in inlet temperature of
HTF received from solar collector, the sensible heating of PCM at liquid phase shows a small
variation in temperature.
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Fig. 3 Illustration of repeatability of transient temperature profiles at all three positions at zone C
while charging system at constant inlet temperature of 62 °C and volume flow rate of 1.5 /min.

3.2 Zonal temperature distribution

In order to examine the transient temperature distribution of PCM in LHS unit, temperature readings
are recorded from all fifteen k-type thermocouples that are installed within LHS unit at three vertical
positions at each of five zones (see Fig. 2). The transient temperature distribution can help in
understanding the heat transfer rate and phase transition rate at different zones and positions within
LHS unit. To conduct charging cycle, the high temperature HTF at 62 °C with volume flow rate of 1.5
I/min is directed from solar collector to pass through tubes in LHS unit. The initial temperature of
PCM in LHS unit is nearly 10 °C.

Fig. 4 shows the pictorial depiction of phase transition performance of PCM in LHS unit. It can be
noticed that due to higher temperature difference between inlet temperature of HTF and PCM, the
phase transition rate at zone A is significantly higher as compared to other zones. After 0.5 hr of heat
transfer, it can be noticed that top position of zone A is already either in mushy phase or liquid phase,
whereas the rest of the zones are still in solid phase. Likewise, it can be observed that after 1 hr of
charging cycle, the top positon of zone A is in complete liquid phase, zone B and C are in mushy
phase and zone D and E are still in solid phase. Also, it can be noticed that at zone A, the PCM
adjacent to tubes and longitudinal fins melts quickly and due to buoyant effect and volumetric
expansion, the melted PCM rises upward to the top. Thus, it leads to rapid melting at top position
whereas, central and bottom positions are still in mushy zone. After 1.5 hr, it can be seen that the top
position of all zones are in liquid phase besides zone E, which is still in mushy phase. This is due to
the fact that thermal energy is extracted from HTF at earlier zones and by the time HTF reaches zone
E; the available thermal energy is lesser to generate higher temperature gradient. The effect of natural
convection is evident in all zones. Liquid PCM at central and bottom positions rise above to top
position due to density gradient and temperature difference. Thus it is expected that PCM temperature
at top position will always be higher as compared to central and bottom positions. After 2.5 hr, it can
be seen that the top and central positions of all zones are in liquid phase. Similarly, the bottom
position at zone C is evidently showing liquid phase, however the PCM alongside shell boundary is
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still in either mushy or solid phase. This is due to buoyant effect and weaker heat transfer at bottom
position of LHS unit. Likewise, even after 3 hrs of charging cycle, there are still some portions of
PCM in mushy phase alongside shell boundary, whereas the rest of the PCM is completely melted.

Transient temperature distribution at various positions and zones in LHS unit is represented in Fig. 5.
It is evident from temperature profiles that due to small specific heat capacity of PCM in solid phase,
the linear rise in temperature from initial value to about 40 °C is influenced by conduction heat
transfer. This sensible portion of thermal energy storage is rapidly achieved. Subsequently, due to
higher latent heat capacity, a comparatively slow and gradual rise in PCM temperature from 41 °C to
44 °C is observed. During this stage, as temperature increases, the phase transition of PCM from solid
to mushy to liquid phase takes place. As latent portion of thermal energy is stored, an instant rise in
PCM temperature is noticed, which indicates the sensible portion of thermal energy storage in liquid
PCM.

It is evident from Fig. 5 that in all zones, the increase in temperature at top position is faster as
compared to central and bottom position. This is due to the fact that conduction is the dominant mode
of heat transfer at earlier stages of charging cycle and consequently, phase transition from solid to
liquid begins. However, with an increase in liquid fraction, natural convection becomes the dominant
mode of heat transfer. Also, due to density gradient, volumetric expansion and upward rise of high
temperature molecules, the temperature of PCM at top position is comparatively higher and thus
phase transition rate at top is higher as compared to central and bottom positions. Likewise, as shown
in Fig. 5 (A), the phase transition rate at top position at zone A is 38.49% and 47.38% higher as
compared zone D and zone E, respectively. This is due to the fact that temperature gradient between
HTF and PCM at zone A is relatively higher and thus heat transfer is intense at zone A. Consequently,
HTF transfers thermal energy to PCM at zone A and hence, the temperature gradient at zone D and
zone E is comparatively smaller. Similarly, the phase transition rate at central position at zone A is
reasonably higher as compared to other zones, as shown in Fig. 5 (B). Besides zone A, the phase
transition rates at central positions at zone B, D and E are fairly comparable. Likewise, due to natural
convection and upward rise of higher temperature molecules, heat transfer is significantly smaller at
bottom positions of LHS unit, especially in locations nearer to shell boundary, as shown in Fig. 5 (C).
It can be observed that the bottom positions at Zone B and Zone D exhibit considerably weaker phase
transition rate and thus charging cycle completes after 3.12 hours.
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Fig. 4 Pictorial representation of PCM melting behaviour in LHS unit during charging cycle. Inlet
temperature and volume flow rate of HTF are kept constant at 62 °C and 1.5 1/min, respectively.
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Fig. 5 lllustration of temperature profiles attained during charging cycle at all five zones (A, B, C, D
and E) and all three vertical positions at each zone (1-Top, 2-Central and 3-Bottom). Inlet temperature
and volume flow rate of HTF are set to 62 °C and 1.5 1/min, respectively. (A) Temperature profiles at
top position at each zone, (B) central position at each zone and (C) bottom position at each zone.

Page 113

239



Appendix A: Publications Paper IV

33 Effect of inlet temperature on charging time

In order to examine the impact of weather fluctuations and solar off-peak hours on thermal
performance of LHS unit, experimental tests are performed at four inlet temperatures of HTF and at
constant volume flow rate of 1.5 I/min. The selected inlet temperatures of HTF are 52 °C, 57 °C, 62 °C
and 67 °C. Likewise, the initial temperature of PCM is about 10 °C.

Transient temperature profiles of PCM at all three positions at zone D are illustrated in Fig. 6. It is
evident that an increase in inlet temperature of HTF has a significant effect on phase transition rate
and average temperature of PCM. Temperature gradient between PCM and HTF is the key driving
force for heat transfer. With an increase in inlet temperature of HTF, higher temperature gradient can
be achieved and consequently, higher heat transfer rate can be established. The accelerated heat
transfer rate assures rapid phase transition from solid to liquid phase. Therefore, fraction of liquid
PCM can be promptly increased, which can lead to quick natural convection and in consequence, less
time will be required to complete charging cycle.

It is evident from Fig. 6 (A) that phase transition rate of PCM is considerably low for inlet
temperature of 52 °C as compared to other inlet temperatures of HTF. Moreover, the total time
required for PCM at top position at zone D to melt is 3 hr. However, with an increase in inlet
temperature from 52 °C to 57 °C, 62 °C and 67 °C, the total melting time is reduced by 38.54%,
47.24% and 53.7%, respectively. Furthermore, with an increase in inlet temperature, the augmentation
in sensible heating after phase transition can result in an increase in overall enthalpy of LHS unit.

As discussed in section 3.2, the heat transfer rate at central and bottom positions are affected due to
upward rise of higher temperature molecules and buoyant effect. However, with an increase in inlet
temperature, the phase transition rate can be significantly enhanced. The total time required for
complete phase transition of PCM at central and bottom positions at zone D, for inlet temperature of
52 °C, are 3.14 hr and 4.48 hr, respectively (see Fig. 6(B) and Fig. 6(C)). However, with an increase
in inlet temperatures to 57 °C, 62 °C and 67 °C, the total melting time at central position is reduced by
14.72%, 41.39% and 51.23%, respectively. Similarly, at bottom position, the total melting time is
reduced by 15.22%, 28.49% and 45.32%, respectively. The overall reduction in melting time at zone
D is calculated by taking an average of reduction in melting time at top, central and bottom positions,
as shown in Fig. 7.

Therefore, it can be observed that the influence of an increase in inlet temperature on phase transition
rate of PCM is higher at top position as compared to central and bottom positions. Additionally, it is
noticed that a considerable amount of thermal energy is extracted from HTF at earlier zones, such as
zone A, B and C, and thus only small fraction of thermal energy is available to generate good
temperature gradient at later zones, such as zone D and E. Hence, an increase in inlet temperature can
guarantee higher temperature gradient at earlier zones as well as a moderate temperature gradient at
later zones.
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Fig. 6 Transient temperature profiles obtained from thermocouples at all three positions at zone D

during charging cycle at various inlet temperatures of HTF and constant volume flow rate of 1.5
1/min.
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Fig. 7 Average reduction in charging time of LHS unit by increasing inlet temperature from 52 °C to
57, 62 and 67 °C.

34 Effect of volume flow rate on charging time

To investigate the influence of volume flow rate of HTF on phase transition rate and overall enthalpy
of LHS unit, a series of sixteen experiments are conducted at four volume flow rates: 1.5, 2.0, 2.5 and
3.0 I/min and at four constant inlet temperatures: 52, 57, 62 and 67 °C, as shown in Fig. 8. The
transient temperature profiles are obtained from thermocouples at bottom position at zone C and at
central position at zone D.

As shown in Fig. 8 (A), at constant inlet temperature of 52 °C, an increase in volume flow rate has no
impression on enhancing the heat transfer rate at initial stages of charging cycle, which is dominated
by conduction heat transfer. The reason behind is the low thermal conductivity of PCM at solid phase,
due to which high thermal resistance is offered to conduction heat transfer and thus the overall heat
transfer rate is affected. It is evident that the sensible heating from 15 °C to 41 °C is almost at same
rate for all volume flow rates. However, the latent portion of thermal heating from 41 °C to 44 °C is
highly influenced by an increase in volume flow rate. It is due to the fact that as phase transition
occurs and the fraction of liquid PCM increases, natural convection starts dominating the heat transfer
and therefore the overall thermal resistance offered by PCM is reduced. Thus, by increasing volume
flow rate, the forced convection coefficient in tubes is improved, which enhances the heat transfer rate
and reduces total time to complete charging cycle. Likewise, after the completion of latent heating,
the sensible heating of liquid PCM shows an insignificant increase in temperature with an increase in
volume flow rate.

Moreover, it can be observed from Fig. 8 (A) that by increasing volume flow rate from 1.5 I/min to
2.0, 2.5 and 3.0 l/min, the total phase transition time is reduced by 6.56%, 18.53% and 19.91%,
respectively. Likewise, as shown in Fig. 8 (B), the phase transition time at central position at zone D
is lessened by 6.59%, 10.19% and 13.11%, respectively. Similarly, at constant inlet temperature of 57
°C, the total time required to complete phase transition at bottom position at zone C is reduced by
8.37%, 15.97% and 22.97%, respectively (see Fig. 8 (C)). Furthermore, the melting time at central
position at zone D is decreased by 19.24%, 21.65% and 30.98%, respectively (see Fig. 8 (D)).

However, with higher constant inlet temperatures of 62 °C and 67 °C, the influence of volume flow
rate is insignificant on phase transition rate. It is due to the fact that with higher constant inlet
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temperatures, a strong temperature gradient across the unit is generated, which diminishes the further
enhancement due to increase in volume flow rate. As illustrated in Fig. 8 (G), at constant inlet
temperature of 67 °C, the melting time at bottom position at zone C is slightly reduced by 1.67%,
2.04% and 7.72% by increasing volume flow rate from 1.5 V/min to 2.0, 2.5 and 3.0 l/min,
respectively. Likewise, a trivial reduction in melting time is noted at central position at zone D.
Therefore, it can be deduced that at higher constant inlet temperature, the occupancy period for HTF
in tubes is reduced by increasing volume flow rate and hence, the heat transfer surface remains at
almost isothermal condition.

Page [ 17

243



Appendix A: Publications Paper IV
60 Inlet Temperature = 52 °C 60 Inlet Temperature = 52 °C
G 50 s R et
& ll : & [1:
o - © 0
TE' 40 7~ "T‘_,’ 40 e
5 S .
83 . — (3 - Bottom - 1.5 I/min 83 . —— D2 - Central - 1.5 I/min
g T e C3 - Bottom - 2.0 I/min " Y IR D2 - Central - 2.0 I/min
E [y 0 ee-- C3 - Bottom - 2.5 |/min E_|f  ---- D2 - Central - 2.5 I/min
2 20 - i = 20 1 D2 - Central - 3.0 I/mi
——— (3 - Bottom - 3.0 I/min entral - 3.0 I/min
10 T T T T T T T T T 10 T T T T T T ]
0 05 1 15 2 25 3 35 4 45 0 0.5 1 1.5 2 2.5 3 3.5
Time (hr) Time (hr)
(A) (B)
- 0, - 0,
60 Inlet Temperature =57 °C 60 Inlet Temperature = 57 °C
1
T 50 e el
g | /i ¥
- Las )
E’ 40 540
=] =]
8 39 —— 3 - Bottom - 1.5 I/min B3 D2 - Central - 1.5 I/min
g ++++++ C3 - Bottom - 2.0 [/min N D2 - Central - 2.0 I/min
E_Ify  aeaa C3 - Bottom - 2.5 I/min £ — = =D2-Central - 2.5 |/min
g 20 - . 2 20 o
——— (3 - Bottom - 3.0 I/min = D2 - Central - 3.0 I/min
10 T T T T T T 10 T T T T T 1
0 0.5 1 1.5 2 2.5 3 0 0.5 1 15 2 2.5 3
Time (hr) Time (hr)
() (D)
60 Inlet Temperature = 62 °C 60 Inlet Temperature = 62 °C
=
ol
~' >
3 JJ & -
S0 54 —
£ C3-Bottom- 15 min | | &, D2 - Central - 1.5 I/min
g ceses+ C3 - Bottom - 2.0 I/min A Y L D2 - Central - 2.0 I/min
€50 | ~ = =3 - Bottom - 2.5 |/min S50 - ~ = =D2- Central - 2.5 |/min
= ——— (3 - Bottom - 3.0 I/min = D2 - Central - 3.0 I/min
10 T T T T T 1 lO T T T 1
0 0.5 1 1.5 2 2.5 3 0 0.5 1 1.5 2
Time (hr) Time (hr)
(E) (F)
- o, = o,
70 Inlet Temperature = 67 °C 70 Inlet Temperature = 67 °C
£ 50 g €50 &
v j)/ o y
2 240 1
s C3 - Bottom - 1.5 |/min c -
g : ! 239 - ———D2-Central - 1.5 |/min
I I C3 - Bottom - 2.0 I/ml_n E | e D2 - Central - 2.0 [/min
2 = = =(C3-Bottom - 2.5 |/min 20 - ~ — -D2-Central - 2.5 |/min
C3 - Bottom - 3.0 |/min D2 - Central - 3.0 |/min
T T 1 10 T T T 1
1 1.5 2 0 0.5 1 1.5 2
Time (hr) Time (hr)
(G) (H)

Fig. 8 Transient temperature profiles of PCM at bottom position at zone C and at central position at zone D
during charging cycle at various volume flow rates and various constant inlet temperatures of HTF.
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3.5 Mean power

To evaluate thermal performance of LHS unit, mean power is calculated from change in enthalpy of
HTF. Thermocouples are installed at inlet and outlet of LHS unit, which can record the transient data
of enthalpy change. Therefore, to calculate the total amount of thermal energy stored by LHS unit, the
following subsection integral method is implemented which incorporates the variation in specific heat
capacity and density of HTF with varying temperature:

A p c .+C
Qs _ Zv[pm ;pouf ]( piin > p.out J(THTFJ,I _THTF!,M )Af (1)

where Q, represents the amount of thermal energy storage (kJ), V is the volume flow rate of HTF
(m%sec), pis the density of HTF (kg/m’), C,is the specific heat capacity of HTF (kJ/kg.K), Ty

shows the temperature of HTF (°C) and Af represents the time interval (sec) at which transient data is
recorded. Further, the mean power for charging cycle is calculated as follow:

p-2 2)

where P.shows the mean power (kW) and , is the total time elapsed (sec) during charging cycle until

all thermocouples display temperature higher than phase change temperature.

For all cases, the initial temperature and mass of PCM in LHS unit is fixed. Therefore, under different
thermal conditions, the mean power is highly influenced by charging time. As illustrated in Fig. 9,
inlet temperature of HTF has an evident impact on mean power. Refer to section 3.3, with an increase
in inlet temperature of HTF, a stronger temperature gradient is generated between HTF and PCM,
which increases the heat transfer and reduces the charging time. As a result, higher mean power is
generated with an increase in inlet temperature of HTF. Likewise, the increase in volume flow rate
enhances the heat transfer rate and thus the charging time is reduced. As a result, a moderate increase
in mean power is noticed by increasing volume flow rate of HTF.

1.2
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Mean Power (kW)
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52 (deg Q)
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H1.5/min
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0.978

1.042
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Fig. 9 lllustrating the influence of inlet temperature of HTF on mean power at two mass flow rates:
1.5 I/min and 2.0 /min.
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4, Conclusions

In this paper, experimental investigations of LHS unit connected to solar collector are performed to
identify thermal performance during charging cycles. LHS unit is comprised of shell-and-tube with
longitudinal fins heat exchanger and paraffin (RT44HC) as thermal storage material. Thermal
performance of LHS unit is examined by conducting charging cycles at various inlet temperatures and
volume flow rates of HTF. Based on experimental results, the following conclusions are derived:

. It is observed that the effective surfaces area for heat transfer and overall thermal conductivity
is increased by introducing longitudinal fins in LHS unit. This novel configuration of LHS unit
ensures higher thermal storage capacity and higher phase transition rate. For example, it can store
14.36 MJ of thermal energy in 3.12 hours when charged at inlet temperature of 62 °C and volume flow
rate of 1.5 I/min.

. It is noticed that due to vertical orientation of shell-and-tube heat exchanger in LHS unit, the
PCM at top position melts quickly as compared to central and bottom position. The reason behind is
the natural convection and upward rise of high temperature liquid PCM molecules. Initially, the heat
transfer is dominated by conduction. However, as the liquid fraction increases, natural convection is
dominant mode of heat transfer. Moreover, longitudinal fins are employed for the reason that it does
not restrict natural convection.

. Besides enthalpy gradient at top and bottom positions, it is noticed that significant quantity of
thermal energy is extracted from HTF at earlier zones in LHS unit; therefore the later zones have
smaller temperature gradient, which results in weaker phase transition rate. To overcome it, an
increase in inlet temperature can assure better temperature gradient across entire LHS unit and
therefore, phase transition rate can be significantly increased. For example, the average melting time
is reduced by 22.83%, 39.04% and 50.08% as the inlet temperature is increased from 52 °C to 57, 62
and 67 °C, respectively. Likewise, the mean power is increased by 59.28% and 69.71% as the inlet
temperature is increased from 52 °C to 62°C and 67 °C, respectively.

. An increase in volume flow rate has a relatively moderate influence on thermal performance.
The reason behind is that as natural convection starts dominating the heat transfer in LHS unit, an
increase in volume flow rate of HTF in tubes enhances the forced convection coefficient in tubes and
thus heat transfer improves. For example, at constant inlet temperature of 57 °C, the heat transfer is
improved by increasing volume flow rate from 1.5 I/min to 2, 2.5 and 3 1/min and consequently, the
melting time is reduced by 19.24%, 21.65% and 30.98%, respectively. However, with an increase in
constant inlet temperature of HTF, the influence of volume flow rate on phase transition rate weakens.
For example, at constant inlet temperature of 67 °C, as the volume flow rate is increased, the melting
time is slightly reduced by 1.67%, 2.04% and 7.72%, respectively.

. Due to an upsurge in phase transition rate, the higher thermal storage capacity of LHS unit is
completely charged in as less as 3 hours. Therefore, this novel LHS unit can provide time, spatial and
financial benefits in range of household and industrial applications. Furthermore, depending on
applications, thermal storage capacity and mean power can be enlarged by assembling several LHS
units in parallel sequence. In this manner, LHS unit can serve as a versatile element for larger systems
such as solar power plants, waste heat recovery and domestic heating systems.
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Abstract

In this article, the discharging cycles of paraffin in novel latent heat storage (LHS) unit are
experimentally investigated. The novel LHS unit includes shell and tube with longitudinal fins based
heat exchanger and paraffin as thermal energy storage material. The experimental investigations are
focused on identifying the transient temperature performance, effective mode of heat transfer,
accumulative thermal energy discharge and mean discharge power of paraffin in LHS unit. Moreover,
the influences of operating conditions such as inlet temperature and volume flow rate of heat transfer
fluid (HTF) on thermal behaviour of LHS unit are experimentally studied. The transient temperature
profiles and photographic characterisation of liquid-solid transition of paraffin in LHS unit provide a
good understanding of temperature distribution and dominant mode of heat transfer. It is noticed that
during discharging cycles, natural convection has an insignificant impact on thermal performance of
LHS unit. However, due to inclusion of extended longitudinal fins, conduction is the dominant mode
of heat transfer. It is noticed that due to development of solidified paraffin around tubes and
longitudinal fins, the overall thermal resistance is increased and thus, discharging rate is affected.
However, by regulating inlet temperature or volume flow rate of HTF, the influence of overall thermal
resistance is minimised. Mean discharge power is enhanced by 36.05% as the inlet temperature is
reduced from 15 °C to 5 °C. Likewise, the mean discharge power is improved by 49.75% as the
volume flow rate is increased from 1.5 I/min to 3 I/min. Similarly, with an increase in volume flow
rate, the discharge time of equal amount of thermal energy 12.09 MJ is reduced by 24%. It is
established that by adjusting operating conditions, the required demand of output temperature and
mean discharge power can be attained. Furthermore, this novel LHS unit can meet large scale thermal
energy demands by connecting several units in parallel and thus, it has potential to be employed in
wide-ranging domestic and commercial applications.

Keywords

Thermal energy storage, Latent heat storage, Discharge cycle, Phase change materials, Heat transfer,
Shell and tube heat exchanger
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1. Introduction

Due to an increase in global economic growth, the urge for consistent supply of energy has increased
in both industrial and domestic applications. Fossil fuels have been serving the purpose of generating
desired energy for many decades. However, the harmful emissions from fossil fuels have caused
climate change and global warming [1-3]. Therefore, the need for efficient and responsive
technologies for renewable energy and heat recovery sources are imperative to abridge gap between
energy supply and demand. Thermal energy storage (TES) is an environmental friendly technique to
capture thermal energy at solar peak hours or from heat recovery sources and releases it to balance out
energy demand. Latent heat storage (LHS) is considered as more attractive technique of TES due to
its high thermal storage density, almost isothermal energy storage and retrieval, low vapour pressure,
chemical stability and small variation in volume during phase transition [4-6].

LHS systems utilises phase change materials (PCM) to capture and release thermal energy during
phase transition. LHS systems have been employed in number of practical applications ranging from
solar thermal systems, waste heat recovery systems, energy balancing, management and peak shaving,
agricultural drying and building air-conditioning systems [7-12]. However, the large scale practical
utilisations of LHS systems are hindered by low thermal conductivity of phase change materials (=
0.2 W/m.K) [13, 14]. Due to low thermal conductivity, the rapid charging and discharging of LHS
system is highly affected. Thus, a responsive heat transfer mechanism is essential to counter low
thermal conductivity. Several methods have been proposed to improve heat transfer mechanism and
consequently overall thermal performance of LHS system such as: container geometrical orientation,
inclusion of extended surfaces, dispersion of high conductive additives and encapsulation [15-22].
The geometrical configuration of heat exchanger in LHS system plays a crucial role. Various types of
heat exchangers for LHS systems are examined, however shell and tube configuration is intensely
researched due to its easy installation into majority of industrial applications and design simplicity
with minimal heat loss benefits [23].

Seddegh et al. [24] performed experimental investigations of paraffin (RT60) in vertical shell and tube
configuration with varying tube radius. Four tube radiuses were tested with shell-tube radius ratio of:
8.1, 5.4, 4 and 2.7. It was noticed that by decreasing radius ratio from 8.1 to 2.7, the solidification
time was reduced by 44%. Yazici et al. [25] performed an experimental examination of paraffin in
horizontal shell and tube configuration of LHS system. The effect of eccentricity of heat transfer fluid
(HTF) tube on discharging rate was investigated. Six locations were probed with eccentricity values
of: -10, -20, -30, 0, 10 and 20. It was noticed that either upward or downward increase in eccentricity
showed a reduction in discharging rate, whereas the concentric orientation had presented a relatively
higher discharging rate. Similarly, Seddegh et al. [26] numerically examined the thermal behaviour of
paraffin (RTS50) in vertical and horizontal orientation of shell and tube based LHS system. It was
noticed that geometrical orientation of shell and tube had minimal effect on solidification rate, due to
conduction dominated heat transfer. Likewise, Longeon et al. [27] experimentally tested paraffin
(RT35) in a vertical shell and tube configuration. It was noticed that conduction was the dominant
mode of heat transfer during discharging cycle. Hosseini et al. [28] conducted discharging cycles on
paraffin (RT50) in horizontal shell and tube based LHS system. It was observed that the initial
temperature of liquid paraffin had a negligible impact on overall thermal efficiency. Avci and Yazici
[29] conducted experimental investigations on discharging cycles of paraffin in a horizontal shell and
tube orientation. It was deduced that conduction was the dominated mode of heat transfer. Moreover,
it was observed that discharging rate can be enhanced by decreasing inlet temperature of HTF. Wang
et al. [30] numerically examined the influence of inlet temperature and flow rate of HTF on
solidification time of n-octadecane in horizontal shell and tube based LHS system. It was noticed that
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temperature gradient between HTF and PCM was increased by reducing inlet temperature of HTF and
thus, the solidification time was significantly reduced. Similarly, it was deduced that flow rate of HTF
had an insignificant impact on overall thermal energy capacity of LHS system. Agarwal and Sarviya
[31] performed an experimental study on paraffin wax in horizontal shell and tube based LHS system.
It was noticed that solidification time was reduced by 19.09% as the mass flow rate was increased
from 0.0015 to 0.003 kg/sec. Likewise, the cumulative thermal energy gain by HTF was increased by
8.7% with an increase in flow rate from 0.0022 to 0.003 kg/sec. Meng and Zhang [32] conducted
numerical and experimental study to identify thermal behaviour of paraffin-copper foam composite in
rectangular shaped shell and tube configuration of LHS system. It was observed that by increasing
temperature gradient between PCM and HTF, the solidification time can be reduced by 34.76%.
Likewise, by increasing inlet velocity of HTF from 0.1 m/sec to 0.2 m/sec, a moderate enhancement
of 8.4% was observed in discharging rate. Wang et al. [33] performed experimental examination of
erythritol as PCM in vertical shell and tube orientation of LHS system. It was noticed that inlet
temperature and flow rate of HTF had a significant impact on discharging rate. However, an increase
in pressure of HTF demonstrated a trivial impression on discharging rate.

It is evident from previous literature that temperature gradient and flow rate of HTF can influence the
discharging rate. However, due to low thermal conductivity of PCM, the optimum benefits could not
be achieved. Therefore, the most convenient and cost effective technique is to incorporate extended
surfaces [34]. Rabienataj Darzi et al. [35] conducted numerical simulation of n-eicosane in horizontal
shell and tube with longitudinal fins. It was noticed that as compared to without fins orientation, the
solidification time was increased by 28% to 85% as the number of fins were increased from 4 to 20,
respectively. Li and Wu [36] numerically investigated the thermal behaviour of NaNO;z as PCM in
horizontal shell and tube configuration with and without longitudinal fins. It was deduced that
solidification time is reduced by 14% with inclusion of longitudinal fins. Rathod and Banerjee [37]
conducted experimental examination of stearic acid in a vertical shell and tube with three longitudinal
fins configuration. It was observed that due to inclusion of three longitudinal fins, the solidification
time was reduced by 43.6%. Liu and Groulx [38] experimentally studied the influence of straight and
angled longitudinal fins on discharging rate of dodecanoic acid in horizontal shell and tube
configuration. Four longitudinal fins were attached to tube. It was noticed that due to conduction
dominated heat transfer, both orientations presented almost identical discharging performance. Al-
Abidi et al. [39] performed numerical simulation to investigate the solidification process of paraffin
(RT82) in a horizontal triplex tube heat exchanger based LHS system. The discharge time was
reduced by 35% with longitudinal fins as compared to no fins configuration. Also, the influence of
longitudinal fins number, length and thickness were examined. It was reported that number of fins and
length had a significant influence on solidification rate. However, the impact of fins thickness was
moderate. Likewise, Almsater et al. [40] performed numerical and experimental investigation on
solidification process of water as PCM and Dynalene HC-50 as HTF in a vertical triplex tube heat
exchanger. It was observed that the solidification time was reduced from 3.67 hr to 3 hr and 2.31 hr
by increasing mass flow rate from 0.02 kg/s to 0.044 kg/s and 0.074 kg/s, respectively. Kabbara et al.
[41] conducted experimental investigation on solidification process of dodecanoic acid in a vertical
shell and tube with rectangular fins configuration. It was noticed that the solidification rate and
discharge power was slightly improved by increasing flow rate. However, more experimental tests
could have conducted to help in drawing better conclusions. Agyenim et al. [42] experimentally
investigated the influence of radial and longitudinal fins on thermal performance of Erythritol as PCM
in shell and tube configuration. It was noticed that cumulative thermal energy discharge for no fins,
radial fins and longitudinal fins were 4977.8 kJ, 7293.1 kJ and 8813.1 kJ, respectively. Similarly,
Lohrasbi et al. [43] performed comparative examinations on thermal performance of PCM in vertical
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122 shell and tube configurations with no fins, optimised circular fins and longitudinal fins. It was
123 reported that the phase transition rate for optimised circular fins and longitudinal fins orientations
124 were 3.55 and 4.28 times higher as compared to no fins orientation, respectively. Likewise, Caron-
125  Soupart et al. [44] conducted experimental investigations of paraffin (RT35HC) in shell and tube with
126  three configurations: no fins, radial fins and longitudinal fins. It was reported that longitudinal fins
127  had generated better temperature gradient and thermal power as compared to no fins and radial fins.
128  Therefore, it is concluded from previous literature that longitudinal fins have better thermal
129  performance during solidification process as compared to no fins and radial fins configurations.
130  Moreover, it is observed that shell and tube with single pass orientations are exclusively studied in
131  previous literature, as detailed in Table 1. Therefore, the literature lacks experimental investigations
132 of shell and tube with multiple passes and extended surfaces. Also, there is a lack of discussion on
133 thermal energy discharge and mean discharge power of proposed LHS systems. Therefore, there is a
134 need to experimentally investigate shell and tube with multiple passes and longitudinal fins based
135  LHS system which can provide a viable solution for higher thermal storage capacity, discharge rate
136  and discharge power. This article is focused on experimentally investigating a novel geometrical
137  orientation of shell and tube with multiple passes and longitudinal fins which is not reported in
138  previous literature. Furthermore, this article proposes a responsive and compact thermal storage
139  design solution with higher discharge rate, cumulative heat capacity and discharge power.

Table 1
Summary of various studies conducted to examine thermal behaviour of PCM in shell and tube
based LHS systems

Ref Shell and tube Extended surfaces

No. Study type Tube passes Orientation Type No. of fins PCM

[24] Exp. Single Vertical - - Paraffin (RT 60)

[25] Exp. Single Horizontal - - Paraffin P56-58

[26] Num. Single Ver. / Hor. - - Paraffin (RT 50)

[27] Exp./Num. Single Vertical - - Paraffin (RT 35)

[28] Exp./Num. Single Horizontal - - Paraffin (RT 50)

[29] Exp. Single Horizontal - - Paraffin P56-58

[30] Num. Single Horizontal - - n-Octadecane

[31] Exp. Single Horizontal - - Paraffin (41-55)

[32] Exp./Num. Double Vertical - - Paraffin (54-64)

[33] Exp. Single Vertical - - Erythritol

[35] Num. Single Horizontal Longitudinal 4-20  n-Eicosane

[36] Num. Single Horizontal Longitudinal 6 NaNO;

[37] Exp. Single Vertical Longitudinal 3 Stearic acid

[38] Exp. Single Horizontal Longitudinal 4 Dodecanoic acid

[39] Num. Single Horizontal ~Longitudinal 4-8 Paraffin (RT 82)

[40] Exp./Num. Single Vertical Longitudinal 8 Water

[41] Exp. Four Vertical Rectangular 58 Dodecanoic acid

[42]  Exp. Single Horizontal ~ ~"Ular 8§  Erythritol
Longitudinal

Present

study  Exp. 21 Vertical Longitudinal 76 Paraffin (RT44HC)

140
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In this article, the experimental examinations of discharging cycles of paraffin in a novel LHS system
are conducted. The novel LHS system consists of shell and tube with longitudinal fins based heat
exchanger and paraffin as thermal storage material. The geometrical orientations of novel LHS system
is previously designed, simulated and discussed by authors in [45]. Numerical simulations were
conducted to examine the influence of parameters such as number of tube passes and their orientations
in shell, geometrical configurations of longitudinal fins and construction material; on thermal storage
capacity and charging/discharging rate of LHS system. An optimum design of LHS system was
developed and constructed to perform experimental investigations. Prior to performing discharging
cycles, the paraffin are charged by connecting novel LHS system to flat plate solar collector [46]. In
this article, the discharging cycles are performed by directing cold water from building water tank to
extract thermal energy from paraffin in LHS system. The experimental investigations of discharging
cycles are conducted at various operating conditions of inlet temperature and flow rate of HTF.
Moreover, this paper is focused to examine the transient temperature performance, effective mode of
heat transfer, total solidification/discharge time, cumulative thermal energy discharge and mean
discharge power of paraffin in LHS unit. Furthermore, this article will give comprehensive knowledge
of how to adjust operating conditions or connect several LHS units to meet required thermal energy
demands.

2. Experimental Setup and Procedure
2.1 Experimental Setup

In this article, the focus is on investigation of thermal performance of LHS unit during discharging
process. The schematic representation of experimental setup is demonstrated in Fig. 1. The
experimental setup consists of flat plate solar collector (FPSC), solar simulator, latent heat storage
(LHS) unit, paraffin as thermal storage material, water supply from municipal / building, centrifugal
pump, flow meter and data acquisition with computer.

FPSC and solar simulators are utilised to conduct charging cycles at various operating conditions.
Solar simulator is operated to deliver steady thermal radiations to FPSC which results in increasing
thermal energy of HTF. The high temperature HTF is guided to pass through LHS unit where it loses
thermal energy to paraffin. Charging cycle is repeated until the temperature of paraffin inside LHS
unit is about 62 °C, which provides a good baseline for all discharging cycles.

 —
Y Computer
£ (
"‘

[E35 8., ]
Valve 04 H‘

Agilent
LL =

- %
5,
o
S,
%
°
E0ONEA  41H 3imessduwal yBiy

DAQ unit
Flow Meter

— Latent Heat
Storage Tank

Low Temperature HTF

o
B,
g
—
T0 M

- @ \_\/ h

Centrifugal Pump

zoaneA

Fig. 1 Experimental setup layout for conducting discharging cycles of LHS unit.
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During discharging cycle, the low temperature water is supplied from building water tank to extract
thermal energy from paraffin in LHS unit. LHS unit is composed of vertical shell and tubes heat
exchanger with longitudinal fins and paraffin as thermal storage material. The physical model of LHS
unit is represented in Fig. 2. Shell and tubes with longitudinal fins are made up of copper. The outer
diameter, length and thickness of shell are 450 mm, 385 mm and 1 mm, respectively. Likewise, the
outer diameter and thickness of tubes are 22 mm and 1 mm. Longitudinal fins are connected to tubes
having length, width and thickness of 230 mm, 40 mm and 1.5 mm, respectively. Chlorofluorocarbon-
free envirofoam insulator of 50 mm thickness is muffled around the outer surface of shell to minimise
thermal losses. Further design details on LHS unit can be found in [45]. Moreover, paraffin
(RT44HC) is picked as thermal storage material due to its high thermal storage density, long term
thermo-physical stability and good compatibility with copper [14, 47]. Thermal and physical
characteristics of paraffin (RT44HC) are given in Table 2. Likewise, water is employed as heat
transfer fluid (HTF).

Fig. 2 Physical model representation of LHS unit with longitudinal fins, HTF flow pattern and vertical locations
of thermocouples at various zones.

Table 2

Thermal and physical properties of paraffin (RT44HC) [14, 47]

Phase transition temperature 41-44 °C

Latent heat capacity 255 (kl/kg)

Specific heat capacity 2.0 (kl/kg. K)

Thermal conductivity 0.2 (W/m. K) solid,
0.2 (W/m. K) liquid

Density 800 (kg/m?) solid,
700 (kg/m’) liquid

Coefficient of thermal expansion 0.00259 (1/K)

Thermal response of paraffin in LHS unit is recorded by installing 15 K-type thermocouples at five
zones i.e. A, B, C, D and E; at three vertical positions at each zone, as shown in Fig. 2. The vertical
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positions of thermocouples are categorised as top, central and bottom position. Each thermocouple
position is at a vertical distance of 115 mm. Moreover, two thermocouples are installed at inlet and
outlet of HTF to LHS unit to register the amount of thermal energy discharge by paraffin to HTF.
Likewise, a flow meter (Titan FT2 Hall Effect) is utilised to measure volume flow rate value of HTF.
The thermocouples and flow meter have an accuracy of #0.18% and 1.5%, respectively. In
discharging cycle, flow control valve 2 and 3 are turned off to bypass FPSC and centrifugal pump,
whereas valve 1 and 4 are operated to conduct discharging cycles at various controlled volume flow
rates. The data acquisition (Agilent 34972A) is employed to register temperature and volume flow
rate readings from thermocouples and flow meter into computer. Time step of 10 s is used to record
data on computer.

2.2 Experimental Procedure

Prior to perform discharging experiments, the paraffin in LHS unit is charged at higher temperature to
make sure that entire mass of paraffin is in liquid state. To provide a good baseline, the discharging
cycles are started once all thermocouples at top positions at all zones display temperature equal to 62
°C.

Low temperature water from building water tank is supplied to conduct open loop discharging cycles.
To regulate flow rate of water, valve 1 and 4 are adjusted to required value. Discharging cycles are
examined at four different volume flow rates of water, such as 1.5, 2.0, 2.5, 3.0 /min. Low
temperature water from building water tank is guided to pass through tube passes in LHS unit. Due to
temperature gradient between low temperature water and high temperature paraffin, heat transfer
takes place. Paraffin loses thermal energy to water and thus the temperature of water is raised. The
high temperature water at outlet of LHS unit can be utilised for desired application. Due to loss of
thermal energy to water, paraffin starts solidifying. The discharging cycle is completed once all
thermocouples display paraffin temperature less than its phase transition temperature and the
temperature difference between inlet and outlet of water is less than 5 °C. Furthermore, to investigate
the thermal response of paraffin at various inlet temperatures of water, three different inlet
temperatures are tested which are 5, 10 and 15 °C.

In order to assess the reliability and repeatability of experimental results, a series of three discharging
experiments are conducted at inlet temperature of 10 °C and flow rate of 1.5 I/min. The experimental
results illustrate almost identical transient temperature profiles. The statistical standard deviations for
discharging rate at top, central and bottom position at zone C are calculated to be 0.008, 0.029 and
0.033, respectively.

3. Results and Discussion
3.1 Temperature Distribution

To understand the thermal behaviour of paraffin during discharging process, the low temperature HTF
at 10 °C is channelled through tubes in LHS unit. Due to temperature gradient, the low temperature
HTF extracts thermal energy from high temperature paraffin. In consequence, the temperature of HTF
is increased, whereas paraffin temperature is reduced. In order to understand the transient change in
thermal energy of paraffin, the temperature data from all fifteen K-type thermocouples are registered.
Transient temperature distribution can help in identifying the dominating mode of heat transfer and
phase transition rate at various positions in various zones in LHS unit.

To perform discharging cycle, a first set of experimental test is conducted with an inlet temperature
and flow rate of 10 °C and 1.5 I/min, respectively. The transient temperature profiles acquired from
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thermocouples at top positions at all five zones are presented in Fig. 3. Due to higher temperature
gradient between inlet temperature of HTF and paraffin in LHS unit, it is noticed that paraffin at top
positions at all five zones rapidly discharges sensible portion of thermal energy to HTF. The sensible
portion of thermal energy discharge to HTF is almost linear and as a result, paraffin temperature at top
positions is reduced from initial temperature to 44 °C. Subsequently, latent portion of paraffin thermal
energy discharge begins. Due to higher latent heat capacity of paraffin, the temperature of paraffin
remains almost constant for a good period of time, as shown in Fig. 3. During this stage, the
temperature of paraffin is gradually reduced from 44 °C to 41 °C. Due to discharge of latent portion of
thermal energy, paraffin transforms from liquid phase to mushy phase and subsequently to solid
phase. As latent portion of thermal energy is discharged, an instant decline in temperature is observed,
which represents the sensible portion of thermal energy discharge.

Moreover, it can be observed that longitudinal fins are close-packed at zone C (centre of LHS unit), as
shown in Fig. 2. Hence, the solidification/discharging rate of paraffin at top position at zone C is
comparatively higher, as shown in Fig. 3. In succession, it can be noticed that due to relatively higher
temperature gradient between inlet temperature of HTF and paraffin at zone E, the solidification rate
is higher than zone A, B and D. The temperature of HTF increases as it extracts thermal energy from
paraffin at zone E, D and C. Therefore, the temperature gradient for heat transfer is slightly reduced as
HTF reaches zone B and zone A and thus, it affects the solidification rate of paraffin in those zones.
Moreover, it can be observed from Fig. 2 that HTF tube passes are connected at top at zone B, C and
E, whereas it is connected at bottom at zone D. Therefore, due to geometrical orientation of
connection between HTF tube passes and insignificant influence of natural convection, the discharge
rate is comparatively lower at top position at zone D. Furthermore, an average of temperature profiles
is obtained from all three thermocouples (top, central and bottom position) installed at each of five
zones, as presented in Fig. 4. It is evident that due to higher temperature gradient between inlet
temperature of HTF and paraffin, the discharging rate of paraffin at zone E is comparatively higher
and is followed by zone C, zone B and zone A.

In order to give further insight into thermal performance of paraffin in longitudinal fins based LHS
unit, the photographic illustration of discharge cycle is provided in Fig. 5. Tt can be observed that after
discharging the system at inlet temperature of 10 °C and volume flow rate of 3 l/min for 0.25 hr, the
paraffin around tubes and longitudinal fins are rapidly discharging latent portion of thermal energy to
HTF and therefore the formation of solid layer is noticed. The transparent portion of paraffin
represents the liquid phase, whereas the white portion displays the solid phase. It can be verified that
the paraffin at inlet (zone E) is rapidly transforming to solid as compared to paraffin at outlet (zone
A). This is due to the fact that conduction heat transfer and discharging rate is higher at inlet as
compared to outlet. Likewise, after discharging for 0.5 hr, it can be noticed that thickness of solidified
paraffin around tubes and longitudinal fins is increasing. The increase in thickness at zone E is more
prominent. However, the paraffin in between longitudinal fins is still in liquid phase, which
demonstrate the low thermal conductivity of paraffin. Similarly, after discharging for 0.75 hr, it is
observed that a mushy phase of paraffin is created at top position, whereas the thickness of solidified
paraffin has increased around tubes and longitudinal fins. It shows that natural convection has an
insignificant impact on solidification of paraffin, whereas conduction is the dominant mode of heat
transfer. Further, after discharging for 1 hr, it can be verified that paraffin at top position at zone C is
completely solidified, whereas the top positions of the other zones display mushy phase. Finally, after
discharging for 1.25 hr, it can be noticed that paraffin at top position at all zones have entirely
discharged latent portion of thermal energy and have phase transformed to solid.
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280 Fig. 3 Illustration of transient temperature profiles recorded at top position at all five zones during discharging
281 process. Inlet temperature and volume flow rate of HTF are set to 10 °C and 1.5 I/min.
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283  Fig. 4 Time-wise variations in average temperature profiles obtained at all five zones during discharging cycle
284 at inlet temperature and volume flow rate of 10 °C and 1.5 I/min, respectively.
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286  Fig. 5 Photographic illustrations of solidification front of paraffin in LHS unit during discharging cycle at inlet
287  temperature and volume flow rate of 10 °C and 3 1/min, respectively.
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3.2 Influence of Inlet Temperature

In order to investigate the effect of weather fluctuations on thermal behaviour of paraffin in LHS unit,
a series of discharging cycle experiments are conducted at varied inlet temperatures of 5 °C, 10 °C and
15 °C. Whereas, the volume flow rate of HTF is set constant to 1.5 1/min. The transient temperature
profiles of paraffin acquired from thermocouples installed at top, central and bottom positions within
LHS unit are illustrated in Fig. 6. Similarly, the time-wise variations in outlet temperatures of HTF
are registered, as presented in Fig. 6.

It is noticed from experimental investigations that inlet temperature of HTF has a significant impact
on discharging rate of paraffin in LHS unit. As shown in Fig. 6 (A), the transient temperature profiles
of paraffin at top position at zone A display an identical thermal response to sensible portion of
thermal energy discharge at varied inlet temperatures. Therefore, it is noted that inlet temperature of
HTF has an insignificant effect on discharging of sensible portion of thermal energy. However, the
discharging rate is noticeably influenced during latent portion of thermal energy discharge. The total
solidification time for paraffin at inlet temperature of 15 °C is 1.38 hr. However, a higher temperature
gradient can be generated by decreasing the inlet temperature of HTF. Therefore, the discharging rate
is increased by 9.01 % and 17.43 % as the inlet temperature is decreased from 15 °C to 10 °C and 5
°C, respectively. Moreover, it can be observed that after solidification, the sensible portion of thermal
energy discharge behave differently to varied inlet temperatures of HTF.

The influence of inlet temperature of HTF on transient temperature response of paraffin at central
position at zone B and zone D are illustrated in Fig. 6 (B) and Fig. 6 (E). It is evident that before
solidification, the sensible portion of thermal energy discharge is almost identical for all inlet
temperatures of HTF. However, the latent portion of thermal energy is discharged at higher rate by
decreasing inlet temperature of HTF. The total solidification time required to discharge the latent
portion of thermal energy at central position at zone B is 0.76, 0.88 and 1.06 hr for inlet temperature
of 5 °C, 10 °C and 15 °C, respectively. Likewise, the discharging rate at central position at zone D is
increased by 23.58% and 48.11% as the inlet temperature is decreased from 15 °C to 10 °C and 5 °C,
respectively. After solidification, a linear identical decline in temperature profile is noticed. It shows
that conduction is a dominant mode of heat transfer at central position of LHS unit.

Likewise, paraffin at top position at zone C indicates a significant enhancement in discharging rate, as
shown in Fig. 6 (D). It can be noticed that the discharging rate is increased by 20.36% and 32.95% as
the inlet temperature is decreased from 15 °C to 10 °C and 5 °C, respectively. Likewise, paraffin at
bottom position at zone D displays a significant reduction in solidification time, as presented in Fig. 6
(F). The total solidification time is reduced by 9.18% and 16.41% as the inlet temperature is reduced
to 10 °C and 5 °C, respectively. Similarly, paraffin at top position at zone E exhibits improvement in
discharging rate, as shown in Fig. 6 (G). It can be noticed that an enhancement of 12.37% and 28.04%
is recorded by decreasing inlet temperature to 10 °C and 5 °C, respectively. The total solidification
time of paraffin at various positions in LHS unit at varied inlet temperatures are presented in Table 3.

Inlet temperature of HTF has a notable impact on outlet temperature of HTF, as shown in Fig. 6 (H).
Due to decrease in inlet temperature of HTF, the temperature gradient between paraffin and HTF is
magnified and therefore an enhanced discharge rate is obtained, which results in high temperature
output of HTF for a short interval of time. However, with an increase in inlet temperature of HTF, the
temperature gradient is reduced and thus a high temperature output is generated for a long period of
time. Therefore, it can be predicted that by further increasing the inlet temperature of HTF during
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331  discharging cycle, a high temperature output of HTF can be achieved for a longer span of time, which
332 can be utilised for number of domestic or commercial applications.
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334 Fig. 6 Time-wise variation in temperature profile registered at top position (zone A, C and E), central position
335 (zone B and D), bottom position (zone B and D) and outlet of LHS unit during discharging cycles at various
336 inlet temperatures (5 °C, 10 °C and 15 °C) and constant volume flow rate of 1.5 I/min.
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Table 3

Total solidification time recorded for varied inlet temperatures

Fig. No Thermocouple Inlet Temperature
Zone  Position 5°C 10°C 15°C

Fig. 6 (A) Top 1.14hr 126 hr 138 hr

Fig. 6 (B) Central 076 hr  0.88hr  1.06 hr

Fig. 6 (C) Bottom 1.63hr  1.76 hr  1.89 hr

Fig. 6 (E) Central 055hr  081hr 1.06hr
Fig. 6 (F) Bottom 1.54hr 1.68hr 1.84 hr

A
B
B
Fig. 6 (D) C Top 0.81hr 097hr 1.21hr
D
D
Fig. 6 (G) E Top 097hr 1.18hr  1.35hr

3.3 Influence of Flow Rate

To examine the influence of volume flow rate of HTF on heat transfer rate and solidification time of
paraffin in LHS unit, experimental tests are conducted at constant temperature of 10 °C and four
varied volume flow rates of 1.5, 2, 2.5 and 3 1/min. The time-wise variations in temperature profiles
are obtained from thermocouples installed at top position at all five zones and outlet of HTF from
LHS unit, as illustrated in Fig. 7.

As discussed in section 3.1, the discharging cycle of paraffin is composed of three phases. In initial
phase, the sensible portion of thermal energy is discharged rapidly due to higher temperature gradient
between HTF and paraffin. Natural convection is dominating the initial stage of discharging cycle and
thus, the temperature drop of paraffin is fast. In second phase, the latent portion of thermal energy is
discharged at almost isothermal temperature. During this phase, the phase transition from liquid to
solid takes place and thus, the natural convection is weakened and conduction is the dominant mode
of heat transfer. However, due to formation of solidified paraffin around tubes and longitudinal fins,
the overall thermal resistance offered by paraffin is increased which effects the heat transfer rate.
Therefore, it is noticed that latent portion of thermal energy is gradually discharged. In third phase,
the sensible portion of thermal energy in solid phase is discharged which is dominated by conduction
heat transfer. Similarly, it can be noticed from Fig. 7 that initial sensible phase of thermal energy
discharge is not affected by volume flow rate. However, the latent portion of thermal energy discharge
is noticeably influenced.

Paraffin at top position at zone A has demonstrated an obvious enhancement in discharging rate and
reduction in solidification time, as presented in Fig. 7 (A). The total solidification time is reduced by a
fraction of 9.03%, 14.98% and 28.19% as the volume flow rate is increased from 1.5 I/min to 2, 2.5
and 3 I/min, respectively. Likewise, paraffin at top position at zone B has illustrated an increase in
discharge rate by a fraction of 7.16%, 11.55% and 21.01%, as shown in Fig. 7 (B). Similarly, the
solidification time for paraffin at top position at zone C is reduced by 11.04%, 21.22% and 27.32% as
the volume flow rate is increased from 1.5 I/min to 2, 2.5 and 3 I/min, as presented in Fig. 7 (C). Also,
an enhancement in discharging rate is noticed for paraffin at top position at zone D, as illustrated in
Fig. 7 (D). The discharging rate is improved by a fraction of 10.72%, 16.52% and 27.76% as the
volume flow rate is increased. Moreover, the improvement in heat transfer rate is observed for
paraffin at top position at zone E, as shown in Fig. 7 (E). Due to enhanced heat transfer rate, the
solidification time is reduced by 6.76%, 13.05% and 19.81%, respectively.

It is evident that in case of constant inlet temperature of HTF, the heat transfer rate can be
significantly influenced by varying volume flow rate of HTF and consequently, the discharging rate of
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paraffin in LHS unit can be influenced. With an increase in volume flow rate of HTF, the discharging
time is reduced. It is due to the fact that by increasing volume flow rate, the amount of thermal energy
carried away by HTF is also increased. Therefore, the rapid decline in output temperature of HTF is
noticed, as shown in Fig. 7 (F). However, in order to maintain a higher outlet temperature of HTF for
longer period of time, a small volume flow rate is recommended. In practical applications, the volume
flow rate should be regulated to application based demands of outlet temperature and duration of

discharge time.
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Fig. 7 Transient temperature variations recorded at top position at all five zones and outlet of LHS unit while
conducting discharging cycles at four varied volume flow rates of 1.5, 2.0, 2.5 and 3.0 I/min and constant inlet

temperature of 10 °C.
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382 3.4 Energy Discharge and Mean Power

383  In order to investigate the thermal performance of paraffin in longitudinal fins based LHS unit during
384  discharging cycles, the accumulative thermal energy discharge to HTF and mean discharge power of
385  LHS system are calculated. To calculate thermal energy discharge by paraffin to HTF and mean
386  discharge power, the following relations are implemented:

C p.in +c p.out .
387 Qu = anvg [%J(THTRUM Ty i )VAI (1)
388 P. = % o
dis
ta’is

389 where Q. p,. - Cp» Torr s V and At represent the measure of thermal energy discharge to HTF

390  (kJ), average density of HTF (kg/m?), specific heat capacity of HTF (kJ/kg. K), temperature of HTF
391 (°C), volume flow rate of HTF (m%sec) and time interval to record temperature data (sec),

392  respectively. Likewise, P, represents the mean discharge power of LHS unit (kW) and ¢ is the total
393 time elapsed by discharging cycle (sec).

394  Transient variations in thermal energy discharge to HTF is registered by conducting discharge cycles
395 at constant inlet temperature of 10 °C and varied volume flow rates of 1.5, 2, 2.5 and 3 I/min, as
396 illustrated in Fig. 8. It can be observed that volume flow rate has a significant impact on discharging
397  rate of thermal energy to HTF. Due to higher temperature gradient at start of discharging cycle, the
398 rate of accumulative thermal energy gain by HTF is higher. However, the temperature gradient is
399  reduced owing to extraction of thermal energy from paraffin. Hence, the rate of accumulative thermal
400  energy gain by HTF is affected. Despite that, with an increase in volume flow rate of HTF, the
401  resistance to convective heat transfer in HTF can be decreased and thus, the discharging rate can be
402  enhanced. It is noticed that after 1.5 hr of discharging cycles, the accumulative thermal energy
403 discharge to HTF is recorded as 10604.41 kJ, 11150.88 kJ, 11521.10 kJ and 12055.03 kJ for volume
404 flow rate of 1.5, 2, 2.5 and 3 I/min, respectively. Similarly, in order to discharge equal amount of
405  thermal energy (12094.34 kJ), the required time is reduced by 24% as the volume flow rate is
406  increased from 1.5 to 3 I/min.

407  The impact of inlet temperature and volume flow rate on mean discharge power of LHS unit is
408  illustrated in Fig. 9. It can be observed that during inlet temperature of 15 °C, the increase in mean
409  power is almost linear with an increase in volume flow rate. The discharge power is enhanced by
410 18.24%, 33.58% and 49.75% by increasing volume flow rate from 1.5 to 2, 2.5 and 3 1/min,
411  respectively. Likewise, for inlet temperature of 10 °C, the discharge power is increased by 6.85%,
412 13.47% and 26.49%, respectively. Similarly, for inlet temperature of 5 °C, the discharge power is
413  improved by 7.31%, 17.98% and 33.70%, respectively. Moreover, it can be noticed that inlet
414  temperature also significantly influences the mean discharge power. For instance, at constant volume
415  flow rate of 1.5, the discharge power is increased by 28.39% and 36.05% as the inlet temperature is
416  decreased from 15 °C to 10 °C and 5 °C, respectively. Similarly, at flow rate of 3 1/min, the discharge
417  power is increased from 1.959 kW to 2.125 and 2.38 kW, respectively. By regulating inlet
418  temperature and volume flow rate of HTF, the desired output temperature and power demand can be
419  achieved in practical applications.
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Fig. 9 Influence of volume flow rate and inlet temperature of HTF on mean discharging power of LHS unit.
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425  Furthermore, the results indicate that the discharge rate, accumulative thermal energy discharge and
426  mean discharge power of our proposed LHS system is considerably higher as compared to LHS
427  systems discussed in previous literature, as presented in Table 4. It can be noticed that none of the
428  previously reported models could match the rapid solidification time (1.5 hr), accumulative thermal
429  energy discharge (12 MJ) and mean discharge power (2.125 kW) of our proposed LHS system.

Table 4

Comparative thermal enhancement achieved by present study
Discharge

Ref No. Time (hr) Energy (kJ) Power (kW)

[24] 12.5 575 -

[28] 8.67 772.4 0.025

[30] 0.56 80 -

[31] 18.35 1200 0.02

[32] 0.506 490 0.269

[33] 4.2 - 0.325

[40] 231 - 1

[41] 22 7500 0.1

[42] 1.67 7293.1 -

[42] 2.167 8813.1 -

Present study 1.5 12000 2.125

430
431 4. Conclusions

432 In this article, the experimental investigations of discharging cycles of paraffin in LHS unit are
433 presented. LHS unit is comprised of shell and tube with longitudinal fins based heat exchanger and
434  paraffin as thermal storage material. Water is employed as HTF and is channelled to pass through the
435  tubes of LHS unit to extract thermal energy from paraffin. The discharging cycles are conducted at
436  various operating conditions of inlet temperature and flow rate of HTF. The following conclusions are
437  drawn from experimental investigations of discharging cycles:

438 o Due to inclusion of longitudinal fins, the effective surface area for heat transfer is enhanced and
439 hence the impact of low thermal conductivity of paraffin on discharging cycle of LHS unit is
440 significantly decreased. Consequently, the discharging rate is significantly improved. The novel
441 geometrical orientation of shell and tube with longitudinal fins based LHS unit qualifies as an
442 efficient and responsive thermal energy storage/discharge device. For instance, the novel LHS
443 unit can discharge 12 MJ of thermal energy to HTF in 1.5 hours when it is discharged at inlet
444 temperature and volume flow rate of 10 °C and 3 I/min, respectively.
445 o It is noticed that natural convection has minimal impact on discharging rate. However, due to
446 presence of extended surfaces via longitudinal fins, conduction heat transfer is dominant mode
447 for thermal energy discharge. Moreover, it is noticed that conduction is more prominent at
448 central positon as compared to top and bottom positions of LHS unit. Heat transfer rate is
449 relatively weaker at bottom position and therefore, the solidification time for paraffin at bottom
450 position is higher as compared to central and top position.
451 . Discharging cycle involves three phases of paraffin. Initially, the sensible portion (liquid phase)
452 of thermal energy is rapidly discharged due to higher temperature gradient. Secondly, during
453 latent portion of thermal energy discharge, a rather steady and gradual reduction in temperature
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.

is noticed due to high latent heat capacity of paraffin. Likewise, the formation of solidified
paraffin around tubes and longitudinal fins increase the overall thermal resistance, which
affects the discharging rate. Finally, due to low temperature gradient, the sensible portion (solid
phase) of thermal energy discharge is relatively slow as compared sensible portion of liquid
phase.

It is observed that inlet temperature and volume flow rate of HTF have significant influence on
latent portion of thermal energy discharge. The influence of an increase in overall thermal
resistance can be controlled by adjusting inlet temperature or volume flow rate of HTF. It is
noticed that as the inlet temperature of HTF is decreased from 15 °C to 5 °C, the mean
discharge power is enhanced by 36.05%. This is due to the fact that with an increase in
temperature gradient, the conduction heat transfer overcomes the overall thermal resistance of
paraffin. Likewise, with an increase in volume flow rate from 1.5 I/min to 3 1/min, the
solidification time at constant inlet temperature of 10 °C is reduced by 24% to discharge same
amount of thermal energy 12.09 MJ. Moreover, in case of constant inlet temperature as 5 °C
and 15 °C, the mean discharge power can be enhanced by 33.70% and 49.75% by increasing
volume flow rate from 1.5 I/min to 3 I/min, respectively.

It is deduced that by adjusting inlet temperature and volume flow rate, the required output
temperature and mean power can be achieved in practical applications. Likewise, the novel
LHS unit offers time, spatial and economic benefits. Moreover, in order to meet application
based energy demands, the mean power and thermal storage capacity can be augmented by
connecting several LHS units in parallel. Therefore, the LHS unit can be perfectly employed in
various domestic and commercial applications such as heating, ventilation and air conditioning
(HVAC) systems, water heating systems, waste heat recovery and solar power plants etc.
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Abstract

The impact of metal oxides, metal nitrides and carbon allotropes based nano-additives on
thermal conductivity and thermal storage performance of paraffin based latent heat storage
(LHS) system is experimentally and numerically investigated. Aluminium oxide (Al2Os),
aluminium nitride (AIN) and graphene nano-platelets (GnP) based nano-PCM samples are
prepared with ultrasonic emulsification technique. Thermal performance enhancements of
nano-PCM samples are investigated by conducting a series of charging and discharging
experiments in shell and tube heat exchanger at various operating conditions. Moreover, a
numerical model is developed to account for an impact of varying operating temperature,
nano-additives particle size and volume fraction on the effective thermal conductivity and
dynamic viscosity of nano-PCM. The numerical model is simulated to investigate the
influence of effective thermal conductivity and dynamic viscosity on heat transfer and
temperature distribution, phase transition rate and total enthalpy of the system. It is observed
that the charging time for Al:Os, AIN and GnP based nano-PCM samples is significantly
reduced by a fraction of 28.01%, 36.47% and 44.57% as compared to pure paraffin.
Likewise, the discharging time is reduced by a fraction of 14.63%, 34.95% and 41.46%,
respectively. However, the addition of nano-additives compromises the overall thermal
storage capacity of LHS system. It is recorded that as compared to pure paraffin, the total
enthalpy of the system is reduced by 20.58%, 19.64% and 2.88% for 5% volume fraction of
AlOs, AIN and GnP based nano-PCM samples, respectively. Also, an increase in volume
fraction of nano-additives augments the dynamic viscosity which has an adverse impact on
natural convection. Therefore, an optimum volume fraction of nano-additives is essential for
an ideal enhancement in thermal performance of LHS system. In order to identify an
optimum volume fraction of nano-additives, three Al:Os; based nano-PCM samples with
volume fraction of 1%, 3% and 5% are experimentally examined in shell and tube heat
exchanger at varied operating conditions. It is noted that the charging and discharging rate is
significantly enhanced as the volume fraction is increased from 1% to 3%. However, an
insignificant improvement is noticed for an increase in volume fraction from 3% to 5%.
Therefore, the optimum volume fraction of 3% is established. Moreover, it is concluded that
due to relatively smaller particle size, smaller density and higher thermal conductivity of GnP
nano-additives, the effective thermal conductivity, charging/discharging rate and overall
enthalpy of GnP based nano-PCM samples are considerably higher as compared to AlzO3
and AIN based nano-PCM samples.

Keywords

Thermal energy storage, Latent heat storage, Phase change materials, Thermal conductivity
enhancement, Nano-PCM, Shell and tube heat exchanger
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Nomenclature
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specific heat capacity at constant
pressure (kd / kg. K)

diameter (m)

buoyant force term (N / m?)
gravitational acceleration (m / s2)
thermal conductivity (W / m. K)
Boltzmann constant

latent heat capacity (kJ / kg)
molecular weight

Avogadro number

Prandtl number of base material
pressure (N / m?)

heat source term (W / m3)
Reynolds number of nano-additives
momentum sink term
temperature of nano-PCM (°C)
time (s)

velocity (m/ s)

small constant value

thermal expansion coefficient (1 /°C)

P density (kg / m®)

Oy volume fraction of nano-additives
H dynamic viscosity (kg / m. s)
@ fraction of nano-PCM

v mushy zone constant
Subscripts

§ solidus phase

) liquidus phase

pc phase change

np nano-additives

pcem base material

npcm nano-PCM

Acronyms

Al2O3 aluminium oxide

AIN aluminium nitride

GnP graphene nano-platelets

HTF heat transfer fluid

LHS latent heat storage
PCM phase change material
TES thermal energy storage
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1. Introduction

The rapid increase in energy demands to meet world economic developments have
escalated dependency on fossil fuels. The energy and fuel crisis along with environmental
pollutions and climate change due to extensive usage of fossil fuels to meet industrial and
domestic energy demands have raised serious challenges [1, 2]. To mitigate such serious
concerns, the development in functional technologies for renewable energy sources or heat
recovery systems is imperative to minimise the gap between energy demand and supply.
Thermal energy storage (TES) is considered as a decisive technique to store excess thermal
energy and utilise it at times to balance energy demand and supply. Latent heat storage
(LHS) approach is more attractive category of TES system due to its higher thermal storage
capacity and ability to an almost isothermal energy capture and release [3, 4]. LHS system
employs phase change materials (PCM) to store and release thermal energy during phase
change. LHS systems are integrated with numerous practical applications ranging from solar
power plants, waste heat recovery systems, buildings temperature control systems, heating
and air conditioning systems, energy balancing and peak shaving management systems,
agricultural processing and drying [5-10]. However, due to low thermal conductivity of PCM,
the charging and discharging rates of LHS systems are significantly affected, which hinders
the widespread practical employability of LHS systems [11, 12]. Therefore, researchers have
proposed several techniques to improve overall thermal performance of LHS systems which
are: container geometrical orientation, addition of extended surfaces, incorporation of
thermal conductive additives and encapsulation techniques [13-18].

Shell and tube heat exchanger based LHS systems are extensively studied in previous
literature due to their better heat transfer performance, minimal thermal losses, design
simplicity and easier integration to practical applications. Similarly, extended surfaces are
widely adopted for thermal performance enhancement due to their better thermo-physical
stability and cost effectiveness. Rathod and Banerjee [19] experimentally investigated the
augmentation in charging and discharging rate of stearic acid in shell and tube heat
exchanger without and with three longitudinal fins. It was informed that the inclusion of
longitudinal fins reduced the charging and discharging time by 24.52% and 43.6% as
compared to no fins configuration. Likewise, Rabienataj Darzi et al. [20] numerically
examined the enhancement in charging and discharging rate of n-eicosane in shell and tube
heat exchanger with and without longitudinal fins. It was reported that with an increase in
number of longitudinal fins from 4 to 20, the melting and solidification rate was enhanced by
39-82% and 28-85% as compared to no fins configuration, respectively. Similarly, the phase
transition rate and thermal storage capacity of paraffin is numerically examined in a novel
geometrical orientation of shell and tube heat exchanger with longitudinal fins in [21]. It was
discussed that the geometry and material of longitudinal fins had profound impact on
charging rate of paraffin. It was reported that with an increase in fins length from 12.7 mm to
38.10 mm, the heat transfer was augmented and thus the melting rate was improved by
57.32%. Likewise, it was argued that charging rate and thermal storage capacity was
improved by 68.8% and 18.06% as the inlet temperature was increased from 50 - 70 °C.
Furthermore, this novel design was then developed and connected to flat plate solar
collector to conduct experimental studies on charging and discharging cycles [22, 23]. It was
noticed that as compared to shell and tube heat exchanger without extended fins
orientations, the proposed design had displayed relatively higher charging/discharging rate,
accumulative thermal energy charge/discharge and mean charge/discharge power. Besides
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the extended surfaces technique, the inclusion of thermal conductive additives technique is
largely acknowledged as an alternate solution to enhance thermal performance with
relatively smaller increase in weight of the system.

Venkitaraj et al. [24] examined the influence of aluminium oxide (Alz03) nano-particles on
thermal performance of pentaerythritol. It was deduced that with an increase in mass fraction
of AlbOs from 0.1% to 1%, the effective thermal conductive was increased from 18.11% to
51.79% as compared to without nano-particle case. Moreover, the specific heat capacity and
latent heat was reported to be decreased from 1.65% to 5.25% and from 1.45% to 4.60%,
respectively. Similarly, Tang et al. [25] investigated the thermal performance enhancement
of myristic acid with inclusion of Al.Oz and graphite nano-particles. It was reported that with
an increase in mass fraction from 4% — 12%, the thermal conductivity was improved from
0.283 — 0.397 W/m.K for Al:Os and 0.323 — 0.451 W/m.K for graphite based PCM
composite. However, the latent heat capacity was recorded to be reduced from 122.87 —
109.45 kJ/kg for AlzOs and 112.35 — 88.00 kJ/kg for graphite based composite. Harikrishnan
et al. [26] experimented the improvement in thermal conductivity of lauric acid and stearic
acid (LA/SA) mixture as base material with dispersion of 1 wi% of TiOz, ZnO and CuQ nano-
particles. It was discussed that the thermal conductivity of LA/SA composite was improved
by 34.85%, 46.97% and 62.12%, respectively.

Shi et al. [27] reported that thermal conductivity of paraffin was augmented by 10 times with
inclusion of 10 wt% of exfoliated graphite nano-platelets. Likewise, Yu et al. [28] inspected
the enhancement in thermal performance of paraffin wax with inclusion of short and long
multi-walled carbon nanotubes (MWCNT), carbon nanofibers and graphene nano-platelets
(GnP). It was discussed that GnP based paraffin composite had elaborated relatively higher
thermal conductivity. Likewise, the dynamic viscosity was reported to be increased to 800
mPa.s for short/long MWCNT, 40 mPa.s for carbon nanofibers and 11.5 mPa.s for GnP
based paraffin composites as compared to 5.892 mPa.s for paraffin wax. Likewise, Fan et al.
[29] informed that the thermal conductivity of paraffin is improved by 164% with inclusion of 5
wt.% of GnP. Also, Yuan et al. [30] studied the impact of GnP and expanded graphite
additives on thermal behaviour of palmitic-stearic acid mixture. It was observed that the
thermal conductivity of composites was improved by 2.7 and 15.8 times as compared to
base material. However, the latent heat capacity was reduced by 20.90% and 25.17%,
respectively.

Wang et al. [31] conducted experimental analysis on thermal performance enhancement of
polyethylene glycol with aluminium nitride (AIN). It was informed that with an increase in
concentration from 5% — 30%, the thermal conductivity of composite was significantly
improved from 0.3847 — 0.7661 W/m.K. It was also noticed that inclusion of AIN nano-
particles had an insignificant impact on phase transition temperature. Zhang et al. [32]
conducted thermal enhancement test on polymethyl methacrylate, polyethylene glycol and
AIN nano-particles composite. The concentration of AIN nano-particles was ranged from 5 —
30 wit%. It was noticed that thermal conductivity was improved by 7.9% — 53.8%,
respectively. However, the latent heat capacity was reduced from 168.5 kd/kg for
polyethylene glycol to 102.5 — 79.2 kJ/kg, respectively. Likewise, Fang et al. [33] reported
that the thermal conductivity of paraffin wax was increased from 0.4 — 0.53 W/m.K by
inclusion of 10 wt% of boron nitride. Similarly, Yang et al. [34] performed experimental
investigation on paraffin and SisNs based composite. It was reported that thermal
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conductivity was significantly enhanced by a fraction of 47% for 10 wi% composite.
However, the latent heat capacity was observed to be reduced from 186.59 — 113.63 kJ/kg.

Arasu and Mujumdar [35] simulated Al2Os nano-particles dispersed in paraffin wax in a
square container. It was noticed that as the concentration of nano-additives increased, the
dynamic viscosity was augmented which diminishes the impact of increased effective
thermal conductivity on melting rate. Therefore, it was concluded that a smaller
concentration of nano-additives should be adopted for thermal performance enhancement.
Likewise, Mahdi and Nsofor [36] performed numerical examination of AlOs nano-particles
based paraffin in a triplex-tube. It was reported that the solidification time was reduced from
8 — 20% as the volumetric concentration was increased fram 3 — 8%, respectively. Moreover,
Meng and Zhang [37] conducted experimental and numerical investigations on copper foam
based paraffin in a rectangular tube in tank orientation. It was discussed that the charging
and discharging power was significantly influenced by inlet temperature and flow rate of heat
transfer fluid (HTF). Das et al. [38] conducted numerical simulation on n-eicosane and GnP
composite in a vertical single tube in shell heat exchanger. It was concluded that for
volumetric concentration of 2%, the melting time was shortened by 41% and 37% for inlet
temperature of 60 °G and 70 °C, respectively.

It can be observed from previous literature that nano-additives based thermal performance
enhancement can significantly improve the effective thermal conductivity of nano-PCM;
however it will also augment the effective dynamic viscosity and reduce the overall thermal
storage capacity. Also, it is noted that the inclusion of metal oxides, metal nitrides and
carbon allotropes have presented excellent improvement in thermal conductivity, however
the literature lacks a comparatively analysis of these three nano-additives families. It is also
identified that the literature lacks an experimental and numerical examination of thermal
performance enhancement of nano-PCM in an actual shell and tube heat exchanger.
Moreover, it is perceived from the literature that the variation in dynamic viscosity with
temperature and particle size of nano-additives had not been considered in previous
numerical studies [35-38], which had certainly produced erroneous results.

This article is focused on the experimental and numerical investigations of metal oxides,
metal nitrides and carbon allotropes based thermal performance enhancement of paraffin in
a shell and tube heat exchanger. Thermal behaviour of nano-PCM samples are examined by
conducting a series of charging and discharging cycles in shell and tube heat exchanger at
various operating conditions. Moreover, this article proposes a numerical model that
incorporates the operating temperature, particle size and volumetric concentration of nano-
additives while calculating the effective thermal conductivity and dynamic viscosity of nano-
PCM. The experimental and numerical studies are focused on identifying the impact of
varying effective thermal conductivity and dynamic viscosity of nano-PCM on temperature
distribution, liquid fraction, charging/discharging rate and overall enthalpy of the system. The
experimental and numerical results discuss the significant enhancement achieved by the
three types of nano-additives and identify an optimum volume concentration value to achieve
an appropriate thermal performance.
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2.  Experimental

2.1 Materials and Nano-PCM samples preparation

In this article, paraffin (RT44HC) is selected as base material for all experimental tests. In
order to enhance thermal conductivity of paraffin, three nano-additives are selected which
are aluminium oxide (AlzOs), aluminium nitride (AIN) and graphene nano-platelets (GnP).
The details about materials suppliers and their specifications are listed in Table 1. Likewise,
the thermo-physical properties of pure paraffin and nano-additives are listed in Table 2. The
materials are used as received from the dealers without any additional purification.

Table 1

List of dealers and specifications of materials used in this study
Materials Dealers Particle size  Purity
Paraffin (RT44HC) Rubitherm Technologies GmbH 99.9%
Al2O3 EPRUI Nanoparticles and Microspheres Co. Ltd 30 - 60 nm 99.9%
AIN Sigma-Aldrich Co. Ltd <100 nm 99%
GnP lonic Liguids Technologies GmbH 6-8nm 99.5%

The preparation of nano-PCM sample is accomplished by adopting ultrasonic emulsification
technique, as shown in Fig. 1. In first step, the calculated amount of nano-additive is added
to pre-melted base PCM and the suspension is formed by strong agitation using magnetic
stirrer for 1 hr. In second step, to achieve complete dispersion of nano-additives in base
PCM, the sample is subjected to intensive ultrasonication for 2 hr. In both steps, the
temperature of sample is maintained at 60 °C to ensure that the base PCM remains in liquid
state. In final step, the nano-PCM sample is poured into the shell of heat exchanger.

Duration: 1 hr Duration: 2 hr
Temperature: 60 °C Temperature: 60 °C b
| |/ =
| |
. i |
Step 1:

Step 2: Step 3:
Pouring melted Nano-PCM in the shell of heat exchanger

Magnetic Stirrer ’ Sonication

Fig. 1 Schematic illustration of nano-PCM sample preparation and loading in heat exchanger

In order to investigate the impact of various nano-additives, a sample for each nano-additive
with volume fraction of 1% is prepared. Moreover, three samples of Al.Oz based nano-PCM
are prepared with volume fraction of 1%, 3% and 5% to examine the influence of increasing
volume fraction on thermal performance, as shown in Table 3. Prior to investigating nano-
PCM in heat exchanger, a sample of pure paraffin is examined to provide a baseline for
comparison.
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Table 2
Thermo-physical properties of pure paraffin and nano-additives
Properties Paraffin Alz0s AN GnP
Density (kg/m3) 800 (solid) 3500 3300 400
700 (liquid)
Thermal conductivity (W/m.K) 0.2 (solid) 36 180 3000
0.2 (liquid)
Specific heat capacity (kJ/kg. K) 2.0 0.765 0.74 0.643
Latent heat of fusion (kJ/kg) 255 - - -
Phase change temperature (°C) 41-44 - - -
Table 3
Experimental tests of various nano-PCM samples
Sample  Nano- Volume  Mass of nano-
additives fraction additives added
A Al20s 1% 10.606 (gm)
B Al20s 3% 32.474 (gm)
C Al2Os 5% 55.263 (gm)
D AIN 1% 10 (gm)
E GnP 1% 1.212  (gm)

2.2 Experimental setup

To investigate thermal behaviour of nano-PCM samples in a heat exchanger, an
experimental setup is developed as shown in Fig. 2. The devised system includes water
tank with electric heater, shell and tube heat exchanger, centrifugal pump, manual flow
control valves, connections to municipal water and a versatile data acquisition system
(VDAS) with computer.

Municipal water suppl

T

A

3-way valve

Water tank with
electric heater

IE

Computer

QST

Centrifugal pump Shell and tube heat exchanger Drain

Fig. 2 Schematic illustration of experimental setup

The electric heater in water tank is governed by digital temperature controller to ensure
constant temperature of HTF during charging cycles. Likewise, centrifugal pump is operated
to direct high temperature HTF from water tank to shell and tube heat exchanger. The shell
of heat exchanger is made of acrylic plastic and the outer diameter, length and thickness of
shell are 60 mm, 185 mm and 5 mm, respectively. Similarly, the bundle of seven tubes is
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made of stainless steel, with outer diameter and thickness of 6 mm and 1 mm, respectively.
Moreover, the shell and tube heat exchanger is insulated with 50 mm thick glass wool to
reduce thermal losses. The insulation layer can be untied to conduct visual inspection of
phase transition process. The shell of heat exchanger is filled with nano-PCM sample and
water as HTF is directed to circulate in the tubes.

In order to record transient temperature response of nano-PCM to charging/discharging
cycles, four K-type thermocouples are installed within nano-PCM in the shell. As illustrated in
Fig. 3 (A), two zones are selected to investigate temperature distribution in nano-PCM. The
selected zones are sections close to inlet and outlet regions. Two thermocouples are
installed at each zone, at a vertical distance of £ 24 mm from central tube, as shown in Fig.
3 (B). Likewise, two K-type thermocouples are attached to stainless steel tube at inlet and
outlet to register temperature data of HTF. Manual operated flow control valve is installed at
hot/cold circuit each to adjust and record the desired volume flow rate during
charging/discharging cycles. To register temperature and flow rate data in computer, VDAS
is operated to transfer data from sensors to computer. VDAS software is used to register
temperature and flow rate reading at time step of 5 s.

Nano-PCM HTF tubes PCM
Inlet OD: 6 mm ID: 4 mm
= 5
i | T il x
— 4 i—
L ' L EE
HTF Inlet » : ‘ £ E HTF Outlet »
] oo
e | wn O
[} - T
. i %
- L x
[« y 185 mm |

Zone A Zone B

(B)
Fig. 3 Physical model of shell and tube heat exchanger with (A) description of dimensions and (B)
vertical positioning of thermocouples at both zone A and B.

2.3 Experimental procedure

During charging cycles, the low temperature municipal water is initially circulated through the
tubes of heat exchanger to provide a good baseline for all charging cycles with initial
temperature of 15 °C. The desired temperature is set in digital temperature controller for
electric heater to increase temperature of water in tank. Upon reaching the desired
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temperature, the centrifugal pump is switched on to circulate high temperature HTF through
the tubes of heat exchanger. The manual operated flow control valve is adjusted to specific
volume flow rate value. In this study, the charging cycles are conducted at three inlet
temperatures of 47, 52 and 57 °C and four volume flow rates of 1.5, 2.0, 2.5 and 3.0 I/min for
each nano-PCM sample. HTF transfers thermal energy to nano-PCM in heat exchanger and
the low temperature HTF at outlet of heat exchanger is directed back to water tank to repeat
the cycle. Charging cycle is completed once all thermocouples register temperature value
higher than melting temperature of PCM.

Prior to conducting discharging cycle, the inlet temperature of HTF is increased to maintain a
uniform initial temperature of 50 °C for all discharging cycles. The discharging cycle is
started by directing low temperature municipal water to extract thermal energy from nano-
PCM. The discharging cycles are examined by regulating flow control valve to a specific flow
rate value of 1.5, 2.0, 2.5 and 3.0 I/min. Due to thermal energy discharge to low temperature
HTF, the solidification of nano-PCM begins. Discharging cycle is completed once the
temperature gradient between inlet temperature and all thermocouples in shell is less than 2
°C.

3. Numerical Model

3.1 Mathematical formulation and governing equations

The physical model for numerical investigations is illustrated in Fig. 3. In order to simplify
numerical model and shorten simulation time, the following assumptions are made:

a) The acrylic plastic shell is neglected and the outer boundary is considered as adiabatic
by ignoring convective heat losses to surrounding.

b) The thickness of stainless steel tubes is neglected due to the fact that stainless steel
possesses comparatively higher thermal conductivity to nano-PCM.

¢) The liquid phase of nano-PCM is considered as incompressible Newtonian fluid and the
change in density with temperature complies with the Boussinesq approximation.

d) The volumetric expansion of nano-PCM is neglected and natural convection is assumed
to be laminar.

e) The computational domain of nano-PCM is considered to be at uniform initial
temperature. Likewise, the inlet temperature and flow rate of HTF are assumed to be
constant.

Based on above assumptions, a numerical model is formulated considering the governing
equations of continuity, momentum and energy to investigate thermal performance of
various nano-PCM samples in the computational domain of shell and tube heat exchanger.
The governing equations are discussed as follow:

Continuity equation:

apnp(’m

+V. u)=0 1
at (pﬂj)UH ) ( )

Momentum equation:
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a(pnpr:mu)

at + V'(pnpcmuu) = _Vpupcm + V'(/‘lnprmvu) + F + S (2)

Energy equation:

6( p npcm Cp .npcanpcm )
ot

+ V'(pnp('mcp.np(‘m’]—;?p(‘mu) = V'(knp('mVT )+ q (3)

npem

In Eq. (2), F represents buoyant force term which is responsible for upward rise of lower
density and higher temperature molecules of nano-PCM. Buoyant forces control the natural
convection in nano-PCM and it can be approximated by using Boussinesq approximation
[39]:

F = pnpr:mgﬁ(r!pr'm _];7(:) (4)

Likewise, S in Eq. (2) defines momentum sink term which can be estimated by employing
KozenyCarman equation, which is derived from Darcy law for porous medium [40]. This term
is applied to equate for porosity in mushy zone, as follow:

]_ 2
S:w(% 2.

(9" +a)
where  is the mushy zone constant, which illustrates an approximate magnitude of

damping in governing equation of momentum. In this study, the mushy zone constant value
is set to 108, which presents good agreement between numerical and experimental results.
Likewise, a denotes a small constant value equal to 10* and is used to prevent division by

zero at liquid fraction ¢= 0. The range of liquid fraction with respect to temperature is
defined as follow:

()

0
T <T
T _ npcm 5
¢ —_J_rem s I‘& ST;] cm ST (6)
1T, T
T,..>T

’ npcm

where s and | are the indices for solidus and liquidus phase of nano-PCM. The effective
specific heat capacity in Eqg. (3) is calculated by differentiating specific enthalpy with respect
to temperature:

Cpmm” _ Fl) ( ¢Sp”pa”-5 C}”wm‘s N ¢". pnpm.l Cp‘npl_m.', )+ I 0 [((ﬁ,p,wm,_, _¢.-,~pnpfm.5 )] (7)

npcm
aT 2p“j)(:.‘ﬁ

The right hand side of Eq. (7) represents that specific heat capacity is the summation of
sensible and latent portion of heat. Likewise, the thermo-physical properties of nano-PCM
are estimated based on theoretical equations for mixture of two components, as follow:

pnp(;m = 5VFpnp + (1 - 5VF ) p;:r(;m (8)
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C _ 5VF pnp Cp.np + (1 - 5VF )pp('m Cp,pz.'ﬂr 9
p.apem ( )
P npem

_ (1 B 5VF ) p peim chm

npem
p npcin

(10)

where &, represents the volume fraction of nano-additives. Moreover, the effective

dynamic viscosity and effective thermal conductivity of nano-PCM samples are evaluated by
implementing the semi-empirical models proposed by Corcione [41] as given in Eqg. (11) and
Eqg. (14), respectively. These propose models by Corcicne, on contrary to earlier standard
models and theories proposed by Einstein [42] and others [43-46] for estimating the effective
dynamic viscosity and Maxwell [47] and others [48-50] for approximating the effective
thermal conductivity, account for particle size of nano-additives, volume fraction and
operating temperature. Therefore, these earlier standard models fail to predict an accurate
increase in dynamic viscosity and thermal conductivity of nano-PCM due to the fact that
these standard models are developed for larger particle size nano-additives and these
models only depend on shape and volume fraction of nano-additives.

The effective dynamic viscosity is estimated as follow:

tupcm
1-34.87(d,, /d ) "8,

np /

/‘lnpc‘m = (1 1 )

where u,,., d,, and d,  represents the dynamic viscosity of pure paraffin, equivalent

pcm np
diameter of pure paraffin and diameter of nano-additives, respectively. The dynamic
viscosity and equivalent diameter of pure paraffin is determined as follow:

/'lpwn = OOO] exp(_ﬁ]‘.zs + @} (1 2)
pem
6M 173
d"}) :01 W (13)
ﬁNﬂppcm.n

where M,,, N, and p are the molecular weight of pure paraffin, Avogadro number and

pem,o

density of pure paraffin at T

pem

=20°C, respectively.

Similarly, the effective thermal conductivity is evaluated from the following equation:

T 10 k 0.03
k =k |1+4.4Re" Pro® [—’] (—'} 5,.0% (14)

npcm pem k

pe pem

where Re and Pr represent the Reynolds number of nano-additives and Prandtl number of
pure paraffin, respectively. Re and Pr can be calculated using the following relations:
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_ zppc'm kBT;Jpz:m

Re -
II/U pem dnp

(15)

ZC
pr = Hrenppom o

pem

Using Eq. (11) and Eq. (14), the effective dynamic viscosity and thermal conductivity of
nano-PCM are computed for volume fraction of 1%, 2%, 3%, 4% and 5% of Al>Os, AIN and
GnP nano-additives, as presented in Fig. 4 and Fig. 5, respectively. It can be noticed that in
all cases, the dynamic viscosity of nano-PCM as compared to pure paraffin is enhanced with
an increase in volume fraction of nano-additives. However, the enhancement in effective
dynamic viscosity of GnP based nano-PCM is more significant as compared to Al-Os; and
AIN based nano-PCM. This is due to the fact that the effective dynamic viscosity is highly
influenced by the particle size of nano-additives. Moreover, a higher dynamic viscosity can
have an adverse impact on natural convection.

Likewise, the enhancements in thermal conductivity of nano-PCM due to varied volume
fraction concentration of nano-additives are illustrated against temperature in Fig. 5. It can
be observed that GnP based nano-PCM samples have shown significantly higher thermal
conductivity due to their smaller particle size and higher thermal conductivity as compared to
Al2Oz and AIN.

3.2 |Initial and boundary conditions

During melting process, the initial temperature of nano-PCM is set to 15 °C which is less
than phase change temperature, as shown in Table 2. Therefore, the initial temperature
ensures that entire mass of nano-PCM is in complete solid state. Likewise, the HTF tubes
are set to a constant inlet temperature of 52 °C for the complete charging cycle.

3.3 Computational procedure and model validation

The geometrical orientation and dimensions of shell and tube heat exchanger provided in
Fig. 3 are adopted for the computational model. The governing equations are discretised by
implementing finite volume method. PISO algorithm is employed to solve the pressure-
velocity coupling. PRESTO and second order upwind schemes are adopted for spatial
discretisation of pressure, momentum and energy equations, respectively. The relative
residuals values for the convergence criteria of continuity, velocity and energy equations are
set to 108, respectively. The time step and mesh independency study are conducted to
ensure accuracy of numerical results. As a result, the time step of 0.1 s and mesh size of
27420 are selected for all nano-PCM samples in this study. The current computational model
is validated with the experimental results obtained for pure paraffin and nano-PCM sample of
1% volume fraction of Al:Os, as presented in Fig. 6. The mean absolute percentage error
between numerical and experimental results for pure paraffin and nano-PCM are 3.44% and
2.53%, respectively.
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Fig. 4 Effective dynamic viscosity of nano-PCM samples with varied volume fractions and nano-
additives (A) AlzOs, (B) AIN and (C) GnP.
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Fig. 5 Effective thermal conductivity of nano-PCM samples with varied volume fractions and nano-
additives (A) Al20s, (B) AIN and (C) GnP.
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Fig. 6 Comparison of temperature profiles attained from experimental and numerical study of
charging cycles at inlet temperature of 52 °C.

4. Results and discussions

4.1 Thermal performance of pure paraffin

In order to understand the thermal performance of nano-PCM samples in shell and tube heat
exchanger, a sample of pure paraffin is initially examined to develop a good baseline for
comparison.

4.1.1 Experimental

Pure paraffin sample is melted and poured in the shell of heat exchanger. In order to study
the transient thermal response of pure paraffin to various inlet temperatures and volume flow
rates of HTF, the data is registered from all four k-type thermocouples installed at zone A
and B, as presented in Fig. 3. The temperature distribution in both vertical and horizontal
positions in shell is examined at three inlet temperatures of 47, 52 and 57 °C. Likewise, the
impact of varying flow rate of HTF is studied at four values of 1.5, 2.0, 2.5 and 3.0 I/min.

The melting behaviour of pure paraffin at various temperatures is presented in Fig. 7. It can
be noticed that the linear rise from initial temperature to about 40 °C represents sensible
heat and it is dominated by conduction heat transfer. The sensible heat capacity is rapidly
stored due to small specific heat capacity of paraffin. Afterwards, a steady and gradual rise
is observed, which represents the latent portion of heat storage. During this phase, the
higher latent heat capacity is gradually stored as the temperature rises from 41 °C to 44 °C.
Consequently, the phase transformation of solid paraffin to mushy and then to liquid state
occurs. After completion of latent portion of heat storage, a relatively quicker increase in
temperature is observed which again represent the sensible heat storage in liquid phase of
paraffin.

Moreover, it can be observed from Fig. 7 that phase transition at top position is quicker as
compared to bottom position. The reason behind is that conduction dominates the heat
transfer at initial stages and after phase transition; the amount of liquid paraffin increases
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which results into upward rise against the gravity and thus it makes natural convection as
dominant mode of heat transfer. Due to upward rise of high temperature molecules, the
phase transition is relatively higher at top position as compared to bottom position. The
natural convection is highly influenced by density and dynamic viscosity. Moreover, it can be
noticed that with an increase in inlet temperature of HTF, the temperature gradient for heat
transfer increases which results in relatively higher melting/charging rate of paraffin. Also,
due to small volume capacity of shell and tube heat exchanger, the varying volume flow rate
of HTF has insignificant influence on phase transition rate. It is noticed that with an increase
in volume flow rate from 1.5 to 3.0 I/min, an almost identical transient temperature response
is recorded with a relative standard deviation of 0.43%.
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Fig. 7 Transient temperature response of pure paraffin to varied inlet temperatures of 47, 52 and 57

°C and constant volume flow rate of 1.5 I/min.
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4.1.2 Numerical

In numerical simulation, the melting/charging cycles of pure paraffin sample are investigated
at three constant inlet temperatures of 47, 52 and 57 °C. As presented in Fig. 8, the left side
of plots indicates liquid fraction and the right side demonstrates temperature contours of
pure paraffin in shell of heat exchanger. It can be observed that as liquid fraction around the
HTF tubes increases, the buoyant forces enable liquid particles to rise above and thus, it
results in comparatively higher melting rate at top position of shell. Likewise, the temperature
contours demonstrate a relatively higher temperature of paraffin at top position as compared
to bottom position. Moreover, it is noticed that with an increase in inlet temperature, the
melting rate is significantly improved, as shown in Fig. 8. It is observed that with an increase
in inlet temperature from 47 to 52 and 57 °C, the total melting time is reduced by a fraction of
56.96% and 72.60%, respectively. Furthermore, the sensible portion of heat storage in liquid
phase is increased with an increase in inlet temperature, which enhances the overall thermal
energy storage of LHS system. It is noticed that with an increase in inlet temperature from 47
to 52 and 57 °C, the overall enthalpy of LHS system is upgraded from 299 to 309 and 319
kJ/kg, respectively.

Time (mins)
20 mins 40 mins 60 mins

47.0
46.5
46.0
45.5
45.0
44.5
44.0

Temperature (°C)

43.5
43.0

[y
o

42.5
52.0
51.0
50.0
49.0
48.0
47.0
46.0
45.0
44.0
43.0
42.0

Inlet Temperature (°C)
52°C
Temperature (°C)

Liquid Fraction
O B N W b U OO N0 W

57.0
55.5
54.0
525
51.0
40.5
48.0
46.5
45.0
43.5
42.0

Temperature (°C)

Fig. 8 Liquid fraction and temperature contours of pure paraffin at various inlet temperatures of 47, 52
and 57 °C.
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4.2 Thermal performance of nano-PCM samples

After understanding the thermal behaviour of pure paraffin in shell and tube heat exchanger,
the experimental and numerical examination of nano-PCM samples are conducted.

4.2.1 Experimental

As discussed in section 2.1, ultrasonic emulsification technique is adopted to prepare
various nano-PCM samples and shell and tube heat exchanger is utilised to investigate
thermal behaviour of the nano-PCM samples. Thermal conductivity of paraffin improves with
an inclusion of nano-additives and thus, the total charging time can be significantly reduced.
However, as illustrated in Fig. 4, an increase in volume fraction of nano-additives also
augments the dynamic viscosity, which has an adverse impact on natural convection and
therefore the thermal performance can be affected.

To begin with, three Al:O3 based nano-PCM samples are developed with volume fraction of
1, 3 and 5%. Nano-PCM sample in liquid phase is poured into the shell of heat exchanger
and the experimental investigations are conducted at three varied inlet temperatures of 47,
52 and 57 °C. The transient temperature profiles for these three Al,Oz based nano-PCM
samples are recorded by thermocouple installed at bottom position at zone B and are plotted
against pure paraffin in Fig. 9.

It can be noticed that at constant inlet temperature of 47 °C, the melting/charging time at
bottom position is significantly reduced by a fraction 33.75%, 55.41% and 56.25% for Al-QO3
based nano-PCM samples with volume fraction of 1, 3 and 5% as compared to pure paraffin,
respectively. Likewise, at constant inlet temperature of 52 °C, the charging time is
considerably decreased by a fraction of 35.92%, 48.80% and 56.37%, respectively.
Similarly, in case of constant inlet temperature of 57 °C, the charging time is lessened by a
fraction of 11.36%, 21.71% and 24.74% for Al:O3 based nano-PCM samples as compared to
pure paraffin, respectively. It can be noticed that for all three varied inlet temperatures, the
melting/charging time is significantly reduced by incorporating Al.Oz based nano-additives to
paraffin. However, with an increase in volume fraction from 3% to 5%, just a slight increment
in thermal performance is observed which is due to adverse effects of higher dynamic
viscosity on natural convection. Therefore, it can be deduced that an optimum volume
fraction is essential to be identified for an appropriate enhancement in thermal performance.

Subsequently, the nano-PCM samples based on 1% volume fraction of Al.Oz, AIN and GnP
are prepared and experimentally investigated for thermal performance in shell and tube heat
exchanger at three varied inlet temperatures of 47, 52 and 57 °C. In order to identify the
thermal performance enhancement due to inclusion of same volume fraction of varied nano-
additives in paraffin, the transient temperature profiles are recorded from thermocouples
installed at top and bottom positions at zone A, as presented in Fig. 10.

It can be observed that at constant inlet temperature of 47 °C, the total melting time at top
position for AlzOs, AIN and GnP based nano-PCM is reduced by a fraction of 9.04%, 18.74%
and 37.85% as compared to pure paraffin, respectively. Similarly, the total melting time at
bottom position is reduced by a fraction of 33.75%, 35.90% and 62.56%, respectively.
Moreover, at inlet temperature of 52 °C, the reduction is melting time at top position is
recorded to be 6.42%, 27.27% and 57.22%, respectively. Likewise, at bottom position, the
melting time is lessened by 32.70%, 36.40% and 38.07%, respectively. Furthermore, at inlet
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temperature of 57 °C, the total melting time is decreased by a fraction of 19.04%, 28.57%
and 49.78% at top position and 28.01%, 36.47% and 44.57% at bottom position,
respectively. It can be perceived from experimental results that nano-additives material plays
a significant role in enhancing thermal performance of paraffin. For instance, it is noticed that
thermal performance enhancement for GnP based nano-PCM sample is relatively higher
than Al.Oz and AIN based nano-PCM samples due to relatively higher thermal conductivity
and smaller particle size of GnP nano-additives.

Furthermore, similar to pure paraffin, the variations in volume flow rate of HTF from 1 to 3
I’'min have presented an insignificant enhancement in charging rate of nano-PCM samples.
This is due to small volumetric capacity of shell and tube heat exchanger and consequently,
the tubes in shell are at same temperature throughout its length.
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Fig. 9 Transient thermal performance of Al2O3 based nano-PCM samples with volume fraction of 1%,

3% and 5% at various inlet temperatures of 47, 52 and 57 °C and at constant volume flow rate of 1.5
I/min.

Page | 21

293



Appendix A: Publications Paper VI

50 -
45 -
_ __ 40
e e
* Inlet Temperature = 47 °C " Inlet Temperature =47 °C
230 —1 Pure Paraffin - Zone A - Top 230 4] Pure Paraffin - Zone A - Bottom
£ £
o 0 eeee. Al203 - 1% VF - Zone A - Top + 0 eee=- Al203 - 1% VF - Zone A - Bottom
" 25 = 25 |
AIN - 1% VF - Zone A - Top AIN - 1% VF - Zone A - Bottom
20 — -+ GnP-1% VF-Zone A -Top 20 4 =+ - GnP - 1% VF - Zone A - Bottom
15 T T T T T T T ] 15 T T T T T T ]
0 30 60 90 120 150 180 210 240 0 30 60 920 120 150 180 210 240
Time (min) Time (min)
(A) (B)

w
[l
s
w
o
;

v
=]
L

-~
«
L

S
=)

Inlet Temperature = 52 °C
Pure Paraffin - Zone A - Top
Al203 - 1% VF - Zone A - Top

Inlet Temperature = 52 °C

w
=1
w
=]
L

Temperature (°C)
w £
w (=]

Pure Paraffin - Zone A - Bottom
----- Al203 - 1% VF - Zone A - Bottom
AIN - 1% VF - Zone A - Top AIN - 1% VFF - Zone A - Bottom

Temperature (°C)
w
w1

N
n
L
~
w
L

20 — -+ GnP-1%VF-Zone A-Top 20 — - - GnP - 1% VF - Zone A - Bottom
15 . . . . . . . . 15 £ i . .
0 15 30 45 60 75 90 105 120 135 0 15 30 45 60 75 90 105 120 135
Time (min) Time (min)
() (D)
60 - 60 -
SEET T En T ¢ T T s s

55 = 55 -

50 - 50
Tas Das -

@

L0 - 540
I3 E
@35 - @35 4
g‘ Inlet Temperature = 57 “C E‘ Inlet Temperature = 57 °C
230 ,] Pure Paraffin - Zone A - Top &30 - Pure Paraffin - Zone A - Bottom

4w Al203 - 1% VF - Zone A - Top R et Al203 - 1% VF - Zone A - Bottom

AIN - 1% VF - Zone A - Top { AIN - 1% VF - Zone A - Bottom
20 | — - GNP - 1% VF - Zone A - Top 20 ]\ — - - GNP - 1% VF - Zone A - Bottom
15 T T T T T ] 15 T T T T
0 15 30 a5 60 75 90 105 0 15 30 45 60 75 S0 105
Time (min) Time (min)
(E) (F)

Fig. 10 Transient temperature plots attained from charging cycles of 1% volume fraction of Al=Os, AIN
and GnP based nanc-PCM samples at varied inlet temperatures of 47, 52 and 57 °C and at constant
volume flow rate of 1.5 I/min.
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4.2.2 Numerical

In this section, the numerical simulations of charging cycles of nano-PCM samples based on
Al:O3, AIN and GnP nano-additives with volume fraction of 1%, 2%, 3%, 4% and 5% are
conducted at constant inlet temperature of 52 °C, respectively. As illustrated in Fig. 11, the
left sides of plots represent total enthalpy of nano-PCM based LHS system and the right
sides demonstrate temperature contours. The plots are attained from simulation results at 30
mins of charging cycle.

It is observed that temperature contours for Al2Os, AIN and GnP based nano-PCM samples
with varied volume fraction represent a small variation in temperature. This is contrary to the
fact that GnP based nano-PCM possess higher effective thermal conductivity, as shown in
Fig. 4. The reason behind is that GnP based nano-PCM also have relatively higher dynamic
viscosity which limits the influence of buoyant forces and natural convection on temperature
distribution and melting rate. Therefore, the temperature contours are indicating just a slight
variation. However, it can be noticed from enthalpy plots that GnP based nano-PCM
samples possess significantly higher enthalpy as compared to Al2Os and AIN based nano-
PCM samples for all respective volume fraction cases. This is due to the fact that Al:Os and
AIN nano-additives have relatively higher density and particle size which considerably
reduces the overall thermal capacity and enthalpy of the system.

For control volume, the thermal storage capacity is reduced for nano-PCM as compared to
pure paraffin because nano-additives occupy certain volume. Therefore, the total enthalpy is
reduced for nano-PCM samples. As illustrated in Fig. 12, the total enthalpy of nano-PCM
samples reduces with an increase in volume fraction of nano-additives as compared to pure
paraffin (309 kJ/kg). It is recorded that with an inclusion of 1% volume fraction of Al2Os, AIN
and GnP nano-additives, the total enthalpy of system is reduced by a fraction of 4.75%,
4.46% and 0.55%, respectively. Likewise, in case of 5% volume fraction of nano-additives,
the total enthalpy is decreased by a fraction of 20.58%, 19.64% and 2.88%, respectively. It is
noted that due to smaller density and particle size, the GnP based nano-PCM samples have
illustrated higher thermal storage capacity as compared to Alz03 and AIN based nano-PCM.
Moreover, Al2O; and AIN based nano-PCM have presented higher charging rate as
compared to pure paraffin, however the increase in weight and reduction in thermal storage
capacity can minimise their utilisation in widespread practical applications.
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Fig. 11 Total enthalpy and temperature contours of Alz03, AIN and GnP based nano-PCM samples
with varied volume fractions attained after 30 mins of charging at constant inlet temperature of 52 °C.

Page | 24

296



Appendix A: Publications Paper VI

HAI203 HAIN MGnP
310

300 '
290 -
280 ~
270 -~
260 -
250 -+
240 -
230 -+
220 +
210 A

Total Enthalpy (kJ/kg)

1% 2% 3% 4% 5%
Volume Fraction

Fig. 12 Total enthalpy of nano-PCM samples with varying velume fraction of nano-additives.
4.3 Thermal performance of pure paraffin and nano-PCM during discharging cycles

After charging cycles, the thermal performance of various samples of nano-PCM in shell and
tube heat exchanger are experimentally investigated during discharging cycles. Municipal
water is directed through the tubes of heat exchanger to extract thermal energy from nano-
PCM. In discharging cycles, the inlet temperatures for all cases are set constant to 15 °C.

Due to higher temperature gradient generated between HTF in tubes and nano-PCM in
shell, the sensible portion of thermal energy is rapidly transferred to HTF. As a result, the
temperature of nano-PCM is almost linearly declined to about 44 °C. After this stage, the
discharge of latent portion of thermal energy starts. Due to higher latent heat capacity, the
decrease in temperature from 44 to 41 °C is relatively slow and steady. During this period,
the liquid phase nano-PCM transforms to mushy and then to solid phase. As the latent
portion of thermal energy discharges, a rapid decline in temperature is observed which
represents sensible portion of thermal energy discharge in solid phase.

Initially, the influence of varying volume fraction of nano-additives on thermal performance
during discharging cycle is examined and plotted against pure paraffin in Fig. 13. It can be
noticed that with inclusion of Al.Os nano-additives, the thermal conductivity is enhanced and
therefore, the discharging time is significantly reduced. It is observed that the time required
to discharge latent portion of thermal energy at bottom position at zone A is reduced by a
fraction of 28.45%, 39.05% and 39.52% for Al:O3 based nano-PCM samples with volume
fraction of 1%, 3% and 5% as compared to pure paraffin, respectively. Moreover, it can be
noticed that similar to charging cycles, an increase in volume fraction from 3% to 5% has an
insignificant impact on phase transition rate of Al2O3 based nano-PCM.

Furthermore, in order to examine the impact of varying nano-additives material on thermal
performance, the discharging cycles are experimentally investigated for 1% volume fraction
of Al:Os, AIN and GnP based nano-PCM. The temperature data for nano-PCM samples
registered by thermocouple installed at bottom at zone B are plotted against pure paraffin in
Fig. 14. It can be noticed that the discharging time of latent portion of thermal energy is
decreased by 14.63%, 34.95% and 41.46% for Al:O3, AIN and GnP based nano-PCM as
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compared to pure paraffin, respectively. It can be perceived that due to higher thermal
conductivity of GnP and AIN nano-additives, the discharge rate is significantly higher.
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Fig. 13 Transient temperature profiles attained during discharging cycles of pure paraffin and Al203
nano-PCM samples of various volume fractions 1%, 3% and 5%. The inlet temperature of HTF is set

to 15 °C for all cases.
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Fig. 14 Transient temperature plots acquired during discharging cycles of pure paraffin and nano-
PCM samples of 1% volume fraction of Al2Os, AIN and GnP. The inlet temperature is kept constant to

15 °C for all cases.
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5. Conclusions

In this article, experimental and numerical studies are conducted to identify the impact of
metal oxides, metal nitrides and carbon allotropes based nano-additives on thermal
performance enhancement of paraffin based LHS system. Ultrasonic emulsification
technique is adopted to prepare Al:Os, AIN and GnP based nano-PCM samples with varied
volume fractions. Thermal behaviour of nano-PCM samples are investigated in shell and
tube heat exchanger by conducting series of charging and discharging cycles at various
operating conditions. Meanwhile, a numerical model is developed and simulated to help
understand and predict the effect of improved thermal conductivity and dynamic viscosity of
nano-PCM samples on heat transfer mechanism, temperature distribution and overall
enthalpy of the LHS system. The numerical model accounts for operating temperature,
particle size and volume fraction of nano-additives while computing the effective thermal
conductivity and dynamic viscosity of nano-PCM samples. Based on experimental and
numerical investigations, the following conclusions are derived:

. It is observed that as the liquid fraction around the tubes increases during charging
cycles, an upward rise of high temperature molecules due to buoyant forces enable
natural convection to dominate the heat transfer in top position. Therefore, the melting
rate is higher at top position as compared to bottom position of the shell and tube heat
exchanger based LHS system. Likewise, it is noticed that with an increase in inlet
temperature of HTF from 47 to 52 and 57 °C, the phase transition rate is significantly
improved by a fraction of 56.96% and 72.60%, respectively. Moreover, the overall
thermal enthalpy of the system is also improved with an increase in inlet temperature.

. It is deduced that the effective thermal conductivity and dynamic viscosity of paraffin is
significantly enhanced with inclusion of nano-additives. Likewise, the particle size,
volume fraction and operating temperature significantly influence the effective thermal
conductivity and dynamic viscosity. The experimental and numerical results indicated
that the thermal performance is improved for all nano-PCM samples. However, GnP
based nano-PCM samples have illustrated relatively higher effective thermal
conductivity and dynamic viscosity due to their smaller particle size and higher thermal
conductivity as compared to Al2Os: and AIN. It is observed that while charging at inlet
temperature of 47 °C, the charging time for Al2Os, AIN and GnP based nano-PCM
samples is significantly reduced by 33.75%, 35.90% and 62.56% as compared to pure
paraffin. Likewise, for inlet temperature of 52 °C, the charging time is decreased by
32.70%, 36.40% and 38.07%, respectively. Similarly, for inlet temperature of 57 °C, the
charging time is reduced by 28.01%, 36.47% and 44.57%, respectively. Moreover, the
discharging time is also decreased by a fraction of 14.63%, 34.95% and 41.46%,
respectively. Therefore, it is concluded that all three nano-additives have presented
significant improvement in charging/discharging rate. However, GnP based nano-PCM
samples have illustrated relatively better thermal performance.

. An optimum volume fraction of nano-additives is critical for an ideal enhancement in
thermal performance of LHS system. Al;Oz; based nano-PCM samples with varying
volume fractions of 1%, 3% and 5% are investigated at inlet temperature of 47, 52 and
57 °C. In case of inlet temperature of 47 °C, the charging time of Al.Oz based nano-
PCM samples is significantly reduced by a fraction of 33.75%, 55.41% and 56.25% as
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compared to pure paraffin. Likewise, in case of inlet temperature of 52 °C, the charging
time is decreased by 35.92%, 48.80% and 56.37%, respectively. Also, in case of inlet
temperature of 57 °C, the charging time is lessened by 11.36%, 21.71% and 24.74%,
respectively. Furthermore, the discharging time is also reduced by a fraction 28.45%,
39.05% and 39.52%, respectively. It can be observed that Al.Oz based nano-PCM
samples have illustrated higher charging and discharging rate. However for all
charging/discharging cycles, a minimal enhancement in charging/discharging rate is
noticed as the volume fraction of Al.Q; is increased from 3% to 5%. Therefore, the
optimum volume fraction for Al203 based nano-PCM samples is identified as 3%.

. The inclusion of nano-additives captures certain volume and as a result, it reduces the
overall thermal storage capacity of LHS system. It is noticed that with an addition of
5% volume fraction of Al.Os, AIN and GnP nano-additives, the total enthalpy of LHS
system is reduced by 20.58%, 19.64% and 2.88% as compared to pure paraffin. It is
noticed that GnP based nano-PCM samples have indicated a slight reduction in
thermal storage capacity as compared to Al.Os; and AIN based nano-PCM samples.
Due to significant reduction in thermal storage capacity and an increase in overall
weight of the LHS system, the employability of Alz2O; and AIN based nano-PCM
samples in large scale practical applications is limited.
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