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Abstract

The depletion of the earth’s environment due to the continuous emission of pollution and the
increase in energy demand daily due to the increase in the population and lifestyle are
important issues that need serious consideration for a better society. To overcome these
issues, sustainable and cleaner methods for energy generation are necessary. Solar energy is a
potential source of energy for a sustainable society. But solar energy is irregular in nature.
Thermal energy storage (TES) systems play a crucial role in solving the demand and supply
mismatch. Latent heat storage systems (LHSS) based on phase change materials (PCMs) are
prominent techniques for storing thermal energy. These systems have higher energy storage
density with less fluctuation in the temperature. Among various heat exchanger
configurations, shell and tube type LHSS is chosen due to its minimal heat loss. The thermal
performance of the LHSS significantly depends upon the heat transfer enhancement
techniques. Usage of extended surfaces (fins), nanoparticles, metal foam, cascading,
encapsulation, etc., are a few heat transfer enhancement techniques used in the literature. In
the present work performance of the LHSS is analyzed with hybrid heat transfer enhancement

techniques.

The present work is aimed to analyze the performance of the LHSS due to the usage of (a)
Fins (radial, spiral and longitudinal) + GNP (graphene Nano platelets) nanoparticles, (b) metal
foam (0.97, 0.95 and 0.93 porosity) + GNP nanoparticles and (c) cascaded metal foam
(linearly and radially). The effect of the orientation is also considered in the present research
work. To analyze the performance of the LHSS; melting time, solidification time, energy
storage and release ratios and exergy efficiency during melting and solidification are
considered. The performance of the LHSS is compared with pure PCM shell and tube heat
exchanger. The influence of geometric parameters and HTF (heat transfer fluid) conditions on
exergy efficiency is also analyzed. Numerical analysis is carried out for the melting and
solidification process using ANSYS FLUENT.

Initially, the performance of the pure PCM shell and tube LHSS is carried out. The pure PCM
shell and tube LHSS results are compared with the hybrid enhanced PCM shell and tube
LHSS. The shell and tube LHSS dimensions are considered based on the optimized



geometries specified in the literature. Throughout the analysis of the hybrid enhanced LHSS,

the dimensions of the shell and tube LHSS and inlet conditions of the HTF are the same.

The radius, pitch, and thickness of the radial fins are considered based on the optimal
dimensions obtained from the literature. The same pitch is considered for the spiral finned
heat exchanger, and ten fins are considered for the longitudinal finned heat exchanger. The
thickness of spiral and longitudinal fins is selected such that PCM in all the finned LHSS is
the same. GNP (graphene Nano platelets) nanoparticles are selected as they are compatible
with PCM. The usage of fins + GNP nanoparticles resulted in a reduction of melting and
solidification time. Maximum reduction of melting time and solidification time by 73.71%
and 82.23% are noted in radial finned 1% volume GNP nanoparticle LHSS oriented
vertically. Exergy efficiency during solidification has also improved on the usage of fins. The
maximum exergy efficiency of 4.55% is noted in radial finned 1% volume GNP nanoparticle
LHSS oriented at 45. A minimum exergy efficiency of 0.715% is noted in pure PCM LHSS
oriented horizontally during solidification. But the usage of fins + GNP nanoparticles reduced
the energy storage ratio and exergy efficiency during melting. The energy storage ratio is
reduced to 0.89 in 1% volume GNP nanoparticle radial fin LHSS inclined vertically compared
to 0.992 in pure PCM LHSS inclined at 45. Exergy efficiency during melting is reduced to
44.4% in 1% volume GNP nanoparticle radial fin LHSS inclined vertically compared to
76.16% in pure PCM LHSS oriented at 45. Variation in energy release ratio is negligible
using fins + GNP nanoparticles compared with pure PCM LHSS.

The metal foam + GNP nanoparticles LHSS analysis is performed considering 0.97, 0.95 and
0.93 porosity copper metal foams in combination with pure PCM, 0.5% and 1% vol fraction
GNP nanoparticles. Dimensions of the shell and tube heat exchanger are kept the same as
pure PCM shell and tube LHSS. The usage of metal foam + GNP nanoparticles improved
melting time, solidification time, and exergy efficiency during solidification. Maximum
reduction of melting and solidification time by 78.32 % and 91.75% are noted in 0.93 porosity
metal foam 1% volume GNP nanoparticles LHSS oriented vertically. The maximum exergy
efficiency of 10.5% is noted in 0.93 porosity metal foam 1% volume GNP nanoparticle LHSS
oriented at 45 during solidification. As observed in fins + GNP nanoparticles, using metal

foam + GNP nanoparticles also resulted in the reduction of energy storage ratio and exergy



efficiency during melting. The energy storage ratio is reduced to 0.88 using 0.93 porosity
metal foam LHSS enhanced with 1% volume GNP nanoparticles oriented vertically. Whereas
0.992 is observed in pure PCM LHSS inclined at 45. Exergy efficiency during melting is
reduced to 46.28% on the usage of 0.93 porosity metal foam LHSS enhanced with 1% volume
GNP nanoparticles oriented vertically compared to 76.16% in pure PCM LHSS oriented at 45
Variation in energy release ratio is negligible due to the usage of metal foam + GNP

nanoparticles compared with pure PCM LHSS.

Thermal performance analysis of the cascaded metal foam LHSS is carried out considering
0.93, 0.95 and 0.97 porosity copper metal foams. Metal foams are cascaded in both radial and
linear manner. Cascaded metal foams improved melting/solidification rates and exergy
efficiency during solidification. Maximum reduction of melting and solidification time by
76.17 % and 91.75% are noted in radial cascaded 0.93-0.95-0.97 LHSS. The maximum
exergy efficiency of 9.22% is observed in radial cascaded 0.93-0.95-0.97 LHSS inclines at 45
compared to 0.715% in pure PCM LHSS oriented horizontally during solidification. Also,
cascaded metal foams resulted in a reduction of energy storage ratio and exergy efficiency
during melting. The energy storage ratio is reduced to 0.86 in linear cascaded 0.97-0.93-0.95
porosity metal foams LHSS oriented vertically. Exergy efficiency during melting is reduced
to 45.4% on the usage of 0.97-0.93-0.95 porosity metal foam LHSS oriented vertically
compared with 76.16% in pure PCM LHSS oriented at 45,

The usage of hybrid techniques enabled an improvement in melting/solidification time and
exergy efficiency during solidification. Although the energy storage ratio decreased, this
decrease in energy storage is not due to improper usage of latent heat of the PCM but
ineffective use of the PCM sensible heat. So the reduction in the energy storage ratio has little
effect on the performance of LHSS. But the decline in exergy efficiency during melting is an
important performance factor. Although improvement in exergy efficiency during
solidification is observed, further improvement is necessary as maximum exergy efficiency is
only 10.5%. This is a serious concern that limits the usage of LHSS. Using metal foam+ GNP
nanoparticles has shown better thermal performance than the other two hybrid techniques. So
machine learning model is developed to predict the transient variation of melt fraction in

metal foam + GNP nanoparticles enhanced shell and tube LHSS.



Further study is carried out to analyze the effect on the phase change time and exergy
efficiency during melting and solidification by varying porosity of metal foam, the volume
fraction of GNP nanoparticles, length of the heat exchanger, the inlet temperature of HTF,
length to diameter ratio (I/d) of shell and Reynolds number of HTF. I/d ratio of LHSS is
varied such that amount of PCM in LHSS is the same as that in pure PCM LHSS. A
significant improvement of 23.32% in exergy efficiency during solidification is obtained. It is
observed that the I/d ratio of LHSS and the porosity of metal foam significantly affect the
melting and solidification rates. Exergy efficiency during melting depends considerably on
the HTF inlet temperature. Whereas exergy efficiency during solidification is noted to be

significantly dependent on the Reynolds number of the HTF.

Keywords: Latent heat storage, PCM, GNP nanoparticles, Fins, Metal foam, Exergy

efficiency
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Chapter 1

Introduction

Based on the statistical review of world energy, it was estimated that 85% of the world’s
total primary energy for the year 2018 was from fossil fuels [1]. Due to the continuous
increase in population, the energy demand is also increasing, which leads to the usage of
more fossil fuels. However, because of the environmental effects and depletion of fossil
fuels, the usage of renewable energy sources becomes necessary. Renewable energy
systems play an important role in producing clean energy and reducing greenhouse
emissions. Among various available renewable energy sources, solar energy can be
considered a promising option. Solar energy can be used to tap the energy in most parts of
the world due to its availability, abundance and can be converted directly to both electrical
and thermal energy. But one of the main limitations of solar energy is its discontinuous
nature and the available energy depends upon the location, time, and climatic conditions
[2]. This problem can be overcome by coupling solar collectors to energy storage units.
Thermal energy storage (TES) systems can be coupled with conventional energy
generation and solar collectors. The processes in TES are charging, storing, and
discharging [2].

1.1 Thermal energy storage

TES can be further classified into sensible heat storage and latent heat storage. The
temperature in sensible heat storage systems increases during energy storage and decreases
during energy release. Whereas latent heat storage has the advantage of storing a large
amount of energy almost at a constant temperature. Latent heat storage materials (LHSMs)
change phase during storage and release of the heat due to which LHSMs are also cited as
phase change materials (PCMs). It is estimated that sensible heat storage materials take 5
to 14 times more space when compared to latent heat storage materials (LHSMs) to store
the same amount of thermal energy [3]. Due to very less change in specific volume during
solid to liquid phase change and easy handling, solid—liquid PCMs are preferred over

solid—gas and liquid—gas PCMs. The selection of a PCM depends upon phase change



temperature (which depends upon the operating temperature of the system), latent heat,

thermal conductivity, specific heat, density, and thermal expansion coefficient.

1.2 Phase change materials

Phase change materials are termed as PCMs. PCMs at phase change temperature absorb
and release a large amount of energy during the charging and discharging process. There
are different types of PCMs such as organic, inorganic, and eutectics as shown in Fig 1.1.
Details on the classifications of the PCMs are available in the literature with different

melting/freezing points, thermal conductivity, and latent heat [4-8].

Because of its diverse advantages, PCM has attracted various applications. Table. 1.1
shows the summary of various applications based on the PCMs. Because of enormous
applications, active research is being carried out on the development of different kinds of
PCMs and a few available PCMs for low temperature applications are listed in Table 1.2.

O;gan}é- =Y
-~ Organic

Inorganic-
Inorganic

Organic-
Inorganic

Metallic

< Nom- ‘
- Paraffin

Fig 1.1 Classification of PCMs



Table 1.1 Summary of recent review papers on PCMs application

Ref. Application Contents
[9] Solar water heater Performance enhancement of solar
water heater embedded with PCMs
[10] Solar water heater Improvement of heat transfer and
utilization of PCMs in solar water heater
[11] Solar water heater Investigation of PCMs for solar and
space heating applications
[12] Thermal management | Batteries thermal management using
PCMs
[13] Thermal management | Li-ion batteries for vehicles integrated
with PCMs
[14] Thermal management Introduced potential PCMs for thermal
management system
[15] Automobile industries | Use of PCMs in the automotive
industries
[16] Distillation system Use of PCMs in the solar still for
distillation
[17] Heating and cooling of | Review of PCMs for heating and cooling
the building of building application
[18] Heating and cooling of | Role of PCMs in heating and cooling of
the building buildings with hybrid application
[19] Solar dryer Role of PCMs in solar dryer application
to improve the efficiency of agricultural
products
[20] Refrigeration Investigation and recent development of
PCMs in refrigeration system
[21] Solar chimney Review on the solar chimney associated
with PCMs
[22] Medical application Use of PCMs in medical applications for
thermal management
[23] Textile Implementation of PCMs in textile
industries
Table 1.2 List of PCMs [24][25][26][11][27]
Melting Point | Latent heat
(°C) (kJ/kg)
Organic N-pentadecane 10 205
PCM Propyl palminate 19 186




Paraffin C18 28 244

Capric acid 36 152

Medicinal paraffin 40-44 146

Lauric acid 49 178

Myristic acid 58 199

Stearic acid 69.4 199

Acetamide 81 241

H2S04 10.4 100

Inorganic P4Os 231 64

PCM TiBry 38.2 23
H4P,0¢ 55 213

SbCls 73.4 25

CsHsCsHs+ (CsHs)20 12 97.9
C14H2802+C10H2002 24 147.7
Myristic acid + glycerol 31.96 154.3

Eutectic NH2CONH2+NH4 NO3 46 95
PCM Palmitic acid + glycerol 58.5 185.9
Stearic acid + glycerol 63.45 149.4
AICIl3+NaCIl+KClI 70 209

LiNO3 + NH4NOs+NaNO3 80.5 113

1.3 Scope of research work

TES is essential for the efficient tapping of solar energy for various applications. In this
direction, a latent heat storage system (LHSS) has many advantages over other storage
mediums. Therefore, to maximize the performance of LHSS, extensive research should be
carried out. Though the PCMs have a wide range of applications, their usage is limited due
to poor thermal conductivity, phase segregation, and super-cooling effect [28]. Several
researchers suggested the usage of techniques Ilike increase in the surface
area[29][30][31][32] by using fins, the inclusion of nanoparticles[33][34],
encapsulation[35], metal foam[36], cascading[3] and hybrid techniques[37] by combining
the individual methods. The present work is focused on improving the performance of
LHSS by employing hybrid techniques.

1.4 Organization of the thesis

In this thesis, the performance of shell and tube LHSS in the presence of various hybrid
techniques is analyzed numerically during melting and solidification. The entire thesis is

presented in 10 chapters.



Chapter 1 provides a brief introduction to TES and PCMs.

Chapter 2 presents the literature review on the various heat transfer enhancement

techniques employed in the LHSS.
Chapter 3 presents the numerical methodology used in the present work.
Chapter 4 presents the performance of the pure PCM shell and tube LHSS.

Chapter 5 provides the effect of various types of fins, nanoparticles, and orientation on the
performance of the PCM shell and tube LHSS.

Chapter 6 deals with the influence of metal foam, nanoparticles, and orientation on the
performance of PCM shell and tube LHSS.

Chapter 7 provides the effect of cascaded metal foam and inclination on the performance
of PCM shell and tube LHSS.

Chapter 8 deals with the machine learning model developed to predict the transient
variation of melt fraction of PCM in metal foam and nanoparticle-enhanced PCM shell and
tube LHSS.

Chapter 9 provides the influence on the exergy efficiency due to the design and flow
parameters of heat transfer fluid (HTF) in PCM shell and tube LHSS.

Chapter 10 provides the major findings of the current research work and the scope for

future work.

1.5 Closure

In this chapter, the need for thermal energy storage is highlighted. The advantages of latent
heat storage compared with other storage methods are briefly discussed. Also, the type of
PCMs for low temperature applications and various industrial applications based on PCMs
are reviewed. As a concluding remark, an analysis of the influence of various hybrid heat

transfer enhancement techniques on PCM shell and tube LHSS should be carried out.



Chapter 2

Literature review
2.1 Introduction

Effective utilization of the latent heat capacity of the phase change materials (PCMs) is
essential to store a large amount of thermal energy. Latent heat storage systems (LHSS) are
designed in such a way that they exhibit better energy storage/retrieval density and
charging/discharging rate. The thermal performance of LHSS has a significant impact on
the operating parameters, geometric design parameters and heat transfer enhancement
techniques. The present chapter provides a brief literature review regarding the effect of
operating parameters, geometric design parameters and heat transfer enhancement

techniques.

2.2 Configurations of latent heat storage system (LHSS)

Configuration of the LHSS is a key factor to be considered. A thorough review of the
literature on LHSS indicated that the most commonly used LHSS shapes are cylindrical
and square cavities. Agyenim et al. [27] on reviewing the literature highlighted that more
than 70% of works pertaining to LHSS is corresponding to the shell and tube heat
exchangers. Due to minimal heat loss to the surroundings shell and tube heat exchanger is
preferred. Also, shell and tube heat exchangers are considered to be promising for practical
applications in terms of ease of fabrication and stability. Hence, S & T HX is chosen for
current research work and most of the literature in the following section is related to shell
and tube heat exchangers.

2.3 Effect of operational parameters on thermal performances of LHSS

Operational parameters of LHSS play a crucial role in the heat transfer between heat
transfer fluid (HTF) and PCM. Hence, operational parameters affect the thermal
performance of LHSS. Various studies were carried out to study the influence of
parameters viz. flow rate of HTF, inlet temperature of HTF and orientation of LHSS on the

charging/discharging process.



2.3.1 Effect of the flow rate of heat transfer fluid (HTF)

The flow rate of heat transfer fluid (HTF) is a very important factor which shows a
significant effect on the performance of the LHSS. Focusing on the effect of different mass
flow rates of HTF on the performance of LHSS first study was carried out by Cao and
Faghri [38]. It was observed that increase in the mass flow rate of HTF, charging time
decreased. Khan et al.[39][40] on carrying out numerical analysis noted that the
solidification process significantly depends on the flow rate of the HTF. Opposing this
view Lu et al.[41] observed that melting time was inversely proportional to the flow rate of
HTF and solidification time was observed to be independent of HTF flow rate. Kalapala
and Devanuri[42] on carrying out numerical analysis observed that the influence of the
mass flow rate of HTF is negligible. Shakrina et al.[43] on carrying numerical analysis
observed that the flow rate of HTF showed a minimal effect during solidification than
during melting. Mao et al.[44] reviled that HTF flow rate has minimal effect during
melting. Panisilvam et al.[45] and Nguyen et al.[46] noted that the HTF flow rate has
shown a minimal effect on the phase change process. Shen et al.[47] noted that as flow
rates of HTF increase, energy efficiency also increases. Wang et al. [48] studied the
influence of mass flow rate on energy storage and found that with the increase in the mass
flow rate from 0.0015 to 0.015 kg/s energy storage was enhanced by 10 %. Contrary to
this, Wang et al. [49] experimentally investigated the impact of mass flow rate on energy
stored and reported that mass flow rate between 90 kg/h to 140 kg/h shows no difference in
energy stored. Most of the studies revealed that the effect of the flow rate of HTF is

insignificant or has shown a minor effect on charging/discharging time.
2.3.2 Inlet temperature of heat transfer fluid (HTF)

Khan et al.[39][40] on carrying out numerical analysis and mentioned that the melting
process significantly depends on the HTF inlet temperature. The rate of melting increased
with an increase in the inlet temperature of HTF. In line with this Lu et al. [41] observed
that melting time decreases with the increase in the inlet temperature. Similar results were
observed by Kabria et al. [50]. In their study when HTF inlet temperature was varied from
77°C to 88°C during charging melting rate was noted to increase. In line with this, Avci

and Yazici [51] noted that charging time was decreased by 25% when HTF temperature



was increased from 75°C to 85°C. Hosseini et al. [52] observed that with the increase in
inlet temperature from 70 °C to 80 °C the charging time was noted to decrease by 37%.
Esen et al.[53] investigated the influence of the HTF temperature on paraffin wax. The
result indicated that when the inlet temperature of HTF is 50°C the melting time of PCM
was 10 hr, whereas for 65°C the melt time decreased to 4 hr. Malik et al.[54] noted that
phase change time was inversely proportional to temperature of HTF. From the literature it
can be noted that inlet temperature of HTF has shown significant effect on the rate of phase
change. All the studies revealed the same result, that with increase in the inlet temperature

of HTF rate of melting increases i,e. melting time decreased.
2.3.3 Orientation

Along with the flow rate and inlet temperature of HTF orientation of LHSS is a vital
parameter which affects the performance of the LHSS. The heat transport due to buoyancy-
induced flow is observed to be dominant during the phase change process. The convective
mode of heat transfer predominantly depends on the orientation of LHSS. So it is very

important to analyse the effect of orientation on the thermal performance of a LHSS.

Seddegh et al.[55] numerically analyzed the orientation effect on both melting and
solidification for vertical and horizontal LHSS. They noted that in the horizontal condition,
the thermal transport was higher when compared to the vertical condition. Inline to
Seddegh et al.[55] and Koush et al.[56] also reported similar results on carrying out
experiments to study the effect of orientation on the performance of LHSS. They
considered 0, 30, 60° and 90 angles. Siyabi et al.[57] analyzed melting behaviour and
propagation of melt front profile of PCM along the axial and radial directions of the shell
and tube heat exchanger. It was observed that the temperature gradient along the axial
direction decreased with the change in orientation from (f to 90" Kalapala and Krishna [58]
performed energy and exergy analysis for 0, 30, 60° and 90 oriented LHSS and observed

maximum exergy efficiency for vertical configuration.

On carrying out experimental and numerical analysis Kalapala and Devanuri [59] observed
that in the case of a horizontally orientated radial fin heat exchanger, the time required to
melt the top portion is less. The vertical configuration was observed to have lesser melting

time and higher exergy efficiency. Borhani et al.[60] performed numerical analysis of the

8



spiral finned heat exchanger and mentioned that for vertical orientation a decrease in
melting time of 56% is observed when compared with the horizontal heat exchanger.
Bouzennada et al. [61] carried out a numerical study to check the thermal behaviour of
PCM with 90, 45 and (f oriented finned LHSS. They noted that horizontally positioned
LHSS has least melting time and vertically oriented LHSS has shown highest melting time.
Mahdi et al. [62] reported that in LHSS influence of inclination is insignificant in the
presence of fins. From the literature it can be noted that, there is an ambiguity in selecting
the orientation of the LHSS. Therefore, it is necessary to study the effect of orientation on

the performance of the LHSS.

2.4 Effect of geometric parameters on the thermal performance of latent

heat energy storage system

Geometric parameters of PCM-based shell and tube heat exchanger i,e length, and the
diameter of shell and tube play a significant role in the performance of the LHSS. So it is
very important to study the effect of geometric parameters on the thermal performance of
an LHSS.

On conducting numerical analysis, Wang et al.[48] observed that as the height and the
radius of the shell increased, the energy efficiency decreased due to the increase in the ratio
of pump/stored work. Kalapala and Devanuri[63] on carrying out a detailed review of
several research works on shell and tube heat exchanger type LHSS concluded that the
optimized ratio of shell diameter to tube diameter should be nearly 4. Trp et al.[64] carried
out numerical studies to analyse the effect of shell diameter and length of the tube during
the melting and solidification process. It was noted that LHSS has shown better
performance when the ratio of length to shell diameter is kept at 3.2. From the literature
optimized LHSS has a shell diameter to tube diameter ratio of 4 and length to shell

diameter ratio of 3.2 nearly.

2.5 Heat transfer enhancement techniques

Although PCMs have various applications, their utilization is limited due to less thermal
conductivity which results in long phase change times which further results in the decrease

of energy storage[37]. In recent studies, many researchers focused on heat transfer



enhancement techniques in PCMs. These studies revealed that techniques like inserting
extended surfaces (fins)[3] to heat transfer fluid (HTF) tube, the addition of
nanoparticles[65][66] to pure PCM, encapsulation[35] of PCM, insertion of metal
foam[67] in PCM, cascading[68]of PCMs, usage of surface textures[69] on tube and
hybrid techniques[37][70]improved the performance of the LHSS. The literature review is
mostly focused on fins, nanoparticles, metal foam and a combination of these techniques as

these are chosen as the heat transfer enhancement technique in the current research work.
2.5.1 Employing of fins

The usage of fins is a well-known and effective approach to improving heat transfer rate.
Surface area is increases due to the inclusion of fins, which results in an improved heat
transfer rate. To increase the thermal effectiveness of PCM-based heat exchangers (HX),
different types of fins such as radial or circular fins, longitudinal fins, spiral fins, pin fins
and Y-shaped fins are used. Radial, longitudinal and spiral fins are the most commonly
used fins in shell and tube heat exchangers. The following discussion is focused on radial,

longitudinal and spiral fins used in LHSS.

Schematic of the radial/circular, spiral and longitudinal fins arrangement on heat transfer
fluid (HTF) tube placed in shell and tube heat exchanger is shown in Fig.2.1. On
conducting numerical analysis, Wang et al.[48] observed that as the height and the radius
of the shell increased, the energy efficiency decreased due to the increase in the ratio of
pump/stored work. They also suggested that the ratio of the pitch of fins to the radius of the
tube should not exceed 4. Kalapala and Devanuri[29] carried out the numerical analysis on
the radial finned shell and tube heat exchanger and gave a correlation for the optimized
design of non-dimensional fin diameter and fin pitch. Kalapala and Devanuri[59]
conducted experimental and numerical analysis on radial finned shell and tube HX. It was
noted that in the case of a horizontal-orientated heat exchanger, the time required to melt at
the top half portion is very less than compared to the bottom half portion. It was also
observed that a vertically oriented heat exchanger has lesser melting time and higher
exergy efficiency. Khan et al.[39][40] noted that the inclusion of longitudinal fins
escalated the rate of heat transfer in both the solidification and melting. It was mentioned

that the melting process significantly depends on the HTF inlet temperature rather than the
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flow rate, whereas the solidification process significantly depends on the flow rate of the
HTF. Kazemi et al.[71] carried out a numerical analysis on two finned longitudinal fin
PCM heat exchanger in horizontal orientation. It was observed that melting time decreased
by placing both the fins at the bottom portion with an angle of 45 between them. Borhani et
al.[60] studied the melting behaviour of spiral-finned PCM heat exchangers. A decrease in
the melting time of 56% for the vertical orientation when compared with the horizontal
was observed. Rozenfeld et al.[72] conducted experiments on a spiral-finned heat
exchanger and observed that as the pitch of the fin decreased the melting time got
decreased. Based on experiments Lu et al.[41] observed that melting time is inversely
proportional to the temperature and flow rate of HTF. But the solidification time was
observed to be independent of HTF mass flow rate. Agyenim et al.[73] carried out the
experimental analysis on radial and longitudinal fin heat exchangers. The longitudinal
finned heat exchanger showed better performance during melting and also reduced the sub-
cooling effect during the solidification process. Tay et al.[74] observed that the radial fin
heat exchanger performed better in comparison to the pin fin during the solidification due
to its higher surface area. Soupart et al.[75] performed experimental analysis on radial and
spiral fin heat exchangers. It was observed that irrespective of fin type the reduction in
melting time was observed by 10 times when compared with heat exchanger without fins.
Zhai et al.[76] carried out the numerical analysis on radial, longitudinal and mixed radial
longitudinal finned PCM heat exchangers. It was observed that mixed types of fins showed
superior performance than individual fins. It was also observed that with the decrease in
pitch of the radial fins, the melting time got reduced. Luo et al.[77] performed numerical
analysis on the combined fractal fin heat exchanger. It was noted that the usage of these
fins could attain uniform temperature in the heat exchanger. Sciacovelli et al.[78] observed
an increase in the performance of the heat exchanger during solidification with the usage of

Y-shaped fins.
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(a)
(b)

Fig 2.1 Configurations of (a) radial (b) spiral and (c) longitudinal fins

2.5.2 Dispersion of nanoparticle

Dispersion of nanoparticles improves the effective thermal conductivity of the PCM, thus
increase in the heat transfer rate. Nanoparticles dispersed PCMs are termed nanoparticle
enhanced PCMs (NEPCMs). The schematic of NEPCM based shell and tube heat

exchanger is shown in Fig.2.2.

Das et al.[65][33][79] carried out the numerical analysis on nanodiamonds, single walled
carbon nano tubes (SWCNT) and graphene nanoplatelets (GNPs) based PCM. It was
observed that PCM with GNP nanoparticles showed better performance during melting.
The melting time is minimal in horizontal orientation. On carrying out numerical analysis,
Parsazadeh and Duan[80] observed that adding less amount of nanoparticles to PCM and
HTF increased the rate of heat transfer and decreased the melting time. Alomair et al.[81]
carried out the experimental and numerical analysis and observed that as the amount of
nanoparticles increased the melting time got decreased. Khan et al.[82]'[83] conducted the
experimental and numerical analysis with various metal oxide and GNP nanoparticles and

concluded that during the phase change process, GNPs showed better performance.
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Amudhalapalli and Devanuri[66] on reviewing the literature concluded that among 44
different nanoparticles used to enhance the thermal conductivity of PCMs, GNP

nanoparticles are best suitable for PCM-based LHSS.

4

NEPCM

HTF

Fig 2.2 Axisymmetric view of Nanoparticle enhanced phase change materials in a shell
and tube heat exchanger

2.5.3 Metal foam

Inserting the high thermal conductivity metal foam matrix in PCM enables to increase in
the effective thermal conductivity of the PCM. This results in an increase in the heat
transfer rate. A schematic of a metal foam based shell and tube heat exchanger is shown in
Fig.2.3.

Zhao et al.[84] noted that usage of the metal foam increased the melting rate by 3-10 times
and this depends upon the porosity of the metal foam. Alhusseny et al.[85] noticed that the
usage of metal foam reduced both melting and solidification time by 50%. Esapoura et
al.[86] and Sardaria et al.[87] on carrying out numerical analysis independently noted that
the usage of metal foam in PCM reduced the phase change time. Zhang et al.[88]
performed both numerical and experimental analysis on the usage of metal foam in PCM
heat exchanger, this resulted in the reduction of convective effect but an increase in the
heat transfer. Xu et al.[89] numerically examined the effect of copper, SiC, Nickel, and
Al;0O3 metal foams. Among the selected metal foams copper metal foam has shown better
performance. Yang et al.[90] analyzed the effect of metal foam in the PCM and HTF

13



domains. Metal foam enabled to increase in the thermal response rate, thus melting time
was decreased by 88.54%. Joshi et al.[91] on carrying out numerical analysis observed that
usage of metal foam resulted in the reduction of melting time. Huang et al.[92] noticed that
natural convection was suppressed if the heat was supplied in the direction of gravity when
metal foam was used, also observed that with the increase in pore density effect of natural
convection decreased. Zadeh et al.[93] on carrying out numerical analysis noted that usage
of metal foam in PCM enables to increase in the charging power. Sardari et al.[94] on
carrying out numerical analysis observed uniform temperature distribution within PCM
when metal foam was used. Sardari et al.[95] observed that the usage of copper foam in
PCM enabled to enhance the heat recovery by 73% when compared with pure PCM cases.
Yao and Wu [96] noted that the usage of copper foam resulted in a high rate of phase
change, higher rate of heat storage and temperature uniformity in heat exchanger. Chen et
al.[97] noted that using copper metal foam in both PCM and HTF sides resulted in a
decrease in overall melting and solidification time by 84.9%, whereas usage of metal foam

only in PCM resulted in a reduction in overall melting and solidification time by only 40%.

Heat transfer
fluid inlet
(P |

| Metal Foam

v Ch R
Nyl
gllcal transfer
fluid outlet

Fig 2.3 Shell and tube heat exchanger with metal foam [98]

2.5.4 Encapsulation

This is another method to enhance the heat transfer rate of PCM by copulating with
suitable material (coating /shell). Encapsulation PCM is classified into two main criteria i.e

macro-encapsulation and micro-encapsulation based on shape or size. An encapsulation
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shell larger than 1 mm is referred to as micro-encapsulation whereas encapsulation shells
size smaller than 1 cm is macro-encapsulation. Macro-encapsulation is flexible in shape
and size leading to a simple manufacturing process according to practical application.
Using macro- encapsulation mechanical stability of the PCM system can be improved. In
addition, micro-encapsulation increases the heat transfer rate due to a higher surface-to-

volume ratio, homogenous PCM melting and solidification process carried out.

Xu et al.[99] experimentally investigated LHSS integrated with macro-encapsulated PCM
during the charging and discharging process. They studied the effect of mass flow rate, the
inlet temperature of HTF and orientation on the melting and solidification process. They
observed that an increase in the HTF inlet temperature from 55°C to 60°C reduces the
melting time by 42%. During solidification, reducing the inlet temperature from 35°C to
30°C solidification time was decreased by 52%. Similarly, by increasing the mass flow rate
of HTF from 1.5 to 4.3 I/h, solidification and melting times were reduced by 14% and 13%
respectively. Aziz et al.[100] experimentally and numerically studied the performance of
encapsulated PCM in shell and tube heat exchangers. Three configurations of encapsulated
PCM (with and without pin, with and without copper plating) were investigated. They
observed that the encapsulated PCM with pin reduces the melting time by 27%, whereas
copper coating decreases by 37% as compared to plain encapsulated PCM. He et al.[101]
investigated the LHSS with and without encapsulated PCM. The result depicted that
encapsulated PCM gave improved performance and extracted more energy from the PCM.
Fang et al.[102] analyzed the temperature distribution at various radial positions and the
progress of the solid-liquid interface for the thermal energy storage system. They
investigated the effect of encapsulated particle fraction and PCM core fraction. They
concluded that more encapsulation particle fraction leads to more accumulated energy by
the PCM. However, a small difference in temperature profile and accumulated energy with
different core fractions was observed. Amin et al.[103] studied the suitability of the E-NTU
method for thermal energy storage systems with encapsulated PCM. An empirical
correlation was evaluated to find out the effectiveness at a given mass flow rate. They
observed that an increase in the mass flow rate decreased the effectiveness of LHSS. Lee et
al.[104] studied the effect of capsule conduction and capsule outside convection on LHSS.
They considered three models based on boundary conditions on the external surface of the
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capsule i.e isothermal surface, constant temperature and natural convection. They
concluded that constant temperature and convection boundary conditions outside the
capsule resulted in a lower discharging rate than isothermal conditions alone. They also
suggested that capsule material with low thermal conductivity should be preferable

2.5.5 Heat pipe

Phase Change materials based LHSS play a very important role in many applications such
as air condensing, heating and waste heat recovery. However, the low thermal conductivity
of PCM reduces and hinders thermal performance. LHSS embedded with heat pipe (HP) is
commonly utilized in applications due to its ability to transfer heat over a large distance
[105][106].

Sharifi et al.[107] investigated the influence of heat pipe (HP) on the melting process of
PCM. The performance of a vertically positioned heat pipe with PCM was simulated. The
result showed that the malting rate of PCM significantly improved due to HP. They also
compared the HP, solid and hollow tube effects on the melting process. Out of all, HP
provides the maximum melting rate. Shabgard et al.[108] analyzed the heat transfer
process in the LHESS incorporated with HP. In their study, two cases were investigated
with HP orientation. Case-1, PCM placed inside the shell side and HTF flow through the
tube and Case-2, PCM placed inside the tube and HTF flow over the PCM. In case-1
orientation of HP shows negligible effect on energy storage whereas, in case-2 orientation
of HP shows a significant influence on energy storage. They also observed that the
effectiveness of LHSS was decreased by increasing HP wall thickness. Nityanandam and
Pitchumani [109] numerically investigated the HP-assisted LHSS and evaluated the
thermal performance with varying different parameters like length and radius of the HTF
tube and flow rate of HTF. They observed that the melting rate of the PCM decreases with
mass flow rate and length, while the same for increasing radius. They also carried out
studies similar to Shabgard et al.[108] with the same case-1 and 2. Results indicated that
case-1 showed more effectiveness and lower charging time as compared to case-2. Motahar
et al.[110] experimentally investigated the influence of HP on the melting and
solidification of PCM in shell and tube heat exchangers. A constant thermal reservoir was
incubated to provide a constant temperature for the heating and cooling of PCM. They
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observed that HP improved the heat transfer rate during the melting and solidification

process.

Ebrahimi et al.[111] numerically investigated on the performance of LHSS with HP in
shell and tube heat exchangers. The effect of parameters such as the number of tubes and
angle of HP (0f to 90" were studied. Results depicted that melting time reduce by 12% with
increasing tubes from one to three. HP with 30° inclination reduces the melting time by
90% when compared to no heat pipe condition. Chopra et al.[112] experimentally
investigated HP-embedded LHSS with and without PCM for the water heating system.
Stearic acid was used as PCM. They observed that the thermal efficiency of LHSS with
PCM-HP enhanced by 37.56% as compared to the without HP LHSS. Song et al.[113]
optimized the HP parameter integrated with LHSS. The optimized parameter considered

being the length of the condenser, the length of the evaporator and the length of PCM.
2.5.6 Hybrid heat transfer enhancement techniques

Few researchers analyzed the performance of the LHSS in which two or more individual
heat transfer enhancement techniques are used. Singh et al.[114][115] on carrying out
numerical analysis on GNP nanoparticle enhanced PCM in a radial finned shell and tube
heat exchanger observed that a combined system of fins and 5% volume GNP
nanoparticles resulted in reducing the melting time by 43%. Inline to this Lohrashi et
al.[116] also noted that combined usage of Y-shaped fins with nanoparticles has shown
better thermal performance during melting. Sheikholeslami et al.[117] noted that the
solidification process was accelerated by using both longitudinal fins and nanoparticles. A
similar result was observed by the Hosseinzadeh et al.[118] on using the Y-shaped fins
combined with the TiO2 + CuO nanoparticles solidification process got accelerated. Khan
et al.[119] bought down the charging time of 24.5 hours to 1.57, 1.33 and 1.02 hours by
using the longitudinal, radial and wire wound fins with 5% GNP nanoparticles

respectively.

On using both metal foam and nanoparticles charging time and discharging time are
reduced by 96.11% and 96.23% respectively when compared with pure PCM heat
exchanger, discharging time decreased with decreasing porosity, while pore density had no

effect on phase change rate. Senobari et al.[120] carried out an experimental analysis on
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metal foam and nanoparticles with PCM in a cylindrical container heated from the bottom.
It was noted that LHSS with metal foam and nanoparticles has shown better performance
than LHSS with only metal foam. Lei et al.[121] examined copper metal foam and
aluminium nanoparticles enhanced LHSS. Uniform distribution of temperature was
observed on the usage of metal foam. The solidification time was lower by 81.2% with the
usage of 0.94 porosity metal form when compared to the heat exchanger with 0.1% volume
nanoparticles in PCM. It was also observed that the usage of nanoparticles and metal foam
increased the exergy efficiency. Mahdia et al.[122] carried out a numerical analysis on RT
50,55,60 with Al203 nanoparticles and aluminium metal foam and noted that usage of both
metal foam and nanoparticles resulted in the reduction of solidification time. Mahdi and
Nsofor [123] noticed that a decrease in metal foam porosity reduced the effect of
nanoparticles. Combined usage of metal foam and nanoparticles exhibited the least
solidification time. Zhao et al.[124] on carrying out experimental analysis of copper foam
and expanded graphite in NaNOs observed that the natural convective effect is suppressed
but the overall performance of the system was improved. It was also observed that both
metal foam and expanded graphite improved the thermal performance of the LHSS.
Jethelah et al.[125] carried out an experimental analysis on coconut oil as PCM with CuO
nanoparticles and aluminium metal foam. Combined usage of nanoparticles and metal
foam improved the performance of the heat exchanger and resulted in uniform temperature
distribution. Lia et al.[126] on carrying out numerical analysis of PCM with copper metal
foam and copper nanoparticles noted that the usage of nanoparticles and metal foam
enabled the reduction of the melting and solidification time. Ghalambaz et al.[127] also
noted that the usage of nanoparticles and metal foam enhance the performance of shell and

tube heat exchanger.

Abandani and Ganji [128] reduced the melting time by 88% using the 0.95 porosity copper
metal foam, a further reduction in melting time by 11.6% was noted by using cascaded
0.96-0.94 porosity metal foam. Similarly Sardari et al.[129] observed an 85% decrease in
melting time on the usage of metal foam and a further decrease of 3.5% melting time on
the usage of cascaded metal foam. Wang et al.[130] carried out experiments on aluminium
gradient porous media in LHSS. It was noted that melting time was decreased by 37.6%
and observed uniform temperature distribution in the heat exchanger. Pu et al.[131] noted

18



that the usage of cascaded PCM and cascaded metal foam in the radial direction in the

PCM shell and tube heat exchanger enhanced the performance of the heat exchanger. It

was also observed that heat exchangers in which porosity decreases along the radial

direction from tube to shell have shown better melting performance.

2.6 Observation from literature review

Several parameters influence the performance of the LHSS. An ambiguity exists in
the selection of the orientation angle of the LHSS.

In most of the numerical studies, the 2D computational domain of shell and tube
heat exchanger was considered to analyze the thermal performance of LHSS.

Most of the studies were carried out for the melting (charging) process of LHSS.
Almost all the researchers analyzed the performance of the LHSS only based on the
phase change time and energy stored.

The usage of hybrid heat transfer techniques has shown better thermal performance

than individual heat transfer techniques.

2.7 Research gaps

To analyze the performance of the LHSS, phase change time and energy analysis
are not sufficient. Exergy analysis is also an important parameter to be considered
to analyze the performance of the LHSS. Very less amount of the studies were
carried on the exergy efficiency of LHSS.

Comparison studies of radial, spiral and longitudinal fin PCM shell and tube heat
exchanger with GNP nanoparticle enhanced PCM considering the effect of
orientation during melting and solidification were not carried out.

Thermal performance analysis of PCM-based shell and tube heat exchanger
enhanced with copper metal foam and GNP nanoparticles considering the effect of
inclination was not performed.

Three-dimensional studies were not presented comparing the thermal performance
of shell and tube heat exchangers enhanced with radial and linear cascaded copper

metal foams.
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e Selection of the best hybrid heat transfer enhancement technique for PCM shell and
tube heat exchanger is to be carried out.
e The effect of geometrical and heat transfer fluid parameters on the exergy

efficiency is yet to be investigated.

2.8 Objectives

The following objectives are framed based on the above literature and research gaps.

1. Performance analysis of the shell and tube heat exchanger with nanoparticle enhanced
phase change material (NEPCM) with different types of fins.

2. Performance analysis of the shell and tube heat exchanger with NEPCM and metal

foam.

3. Performance analysis of the phase change materials (PCM) based shell and tube heat

exchanger with the cascaded porous media.

4. Parametric study of PCM-based shell and tube heat exchanger studying the effect on

exergy efficiency during melting and solidification.

Overall, the present study analyzes the influence of hybrid heat transfer enhancement
techniques on the thermal performance of shell and tube LHSS during melting and

solidification.

2.9 Closure

A comprehensive literature review on various factors which affects the thermal
performance of a shell and tube LHSS is discussed. Various heat transfer enhancement
techniques are analyzed. The objectives for the current research work are framed by
thoroughly identifying the research gaps. To achieve the proposed objectives, numerical

analysis is needed, the details of which are discussed in the next chapter.
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Chapter 3

Numerical methodology

In chapter 2, various works pertaining to heat transfer enhancement techniques in phase
change materials (PCMs) based LHSS units were discussed and depending on the research
gaps, various objectives are framed. The details of the numerical methodology adopted for
nanoparticle enhanced PCM (NEPCM) and porous media + PCM in the simulations are
discussed in this current chapter. Various parameters used to compare the performance of

the heat exchangers are presented in the current chapter.

3.1 Numerical procedure

In the present work melting and solidification analysis of PCM based shell and tube heat
exchanger with hybrid heat transfer enhancement techniques is carried out. PCM +
nanoparticles + fins, PCM+ nanoparticles + metal foam and PCM + cascaded metal foam
techniques are used to enhance the performance of the PCM based shell and tube heat
exchanger. The performance of these heat exchangers is compared with pure PCM shell

and tube heat exchangers.
3.1.1 Numerical modeling of phase change

To model the behavior of the mushy zone region enthalpy-porosity technique is used, in
which the mushy zone region is considered as porous media. ANSYS FLUENT is used to
solve the governing equations. The finite volume method is considered for the
computational domain. For pressure-velocity coupling, the PISO methodology is used. To
handle the pressure, the PRESTO methodology is used and a second order upwind scheme
is used to discretize momentum and energy equations. The convergence criteria for

continuity, momentum, and energy equations are kept as 10, 10, and 10® respectively.
To model the melting and solidification process, the following assumptions are made.

e Thermal contraction and expansion of tube, fins, metal foam, and nanoparticles are
neglected.
e Adiabatic wall boundary condition is applied on the surface of the shell.

e PCM in both states is considered to be isotropic and homogeneous.

21



e Variation in the density of PCM in the liquid state, which results in the natural convection,
is incorporated into the governing equations by using the Boussinesq approximation.

e The flow of liquid PCM and HTF are incompressible, unsteady, laminar, and Newtonian
The governing equations are:
Continuity equation:
g—’: +V.(pV) =0 3.1)
Momentum equation:
p 2 4 pV.(V.V) = —VP + uv?V + pGBAT + AV (3.2)
Energy equation:
p%+pV@j6=£V%+Sh (3.3)

In the Eqn.3.2 “A” is defined such that it imitates the flow in the porous media and is given
as

(1-¢€)?
€3+b

A=-C

(3.4)

“C” is a mushy zone constant that influences the rate of heat transfer and thermal
hydraulics of PCM during phase change. The value of the “C” is taken as 10° [132]. “€” is
the porosity which is equal to the liquid fraction. “b” is a constant which is given to avoid

the zero in denominator.

“Sh” in Egn.3.3 is the source term in the energy equation and is given as

_ 9(pAh)
Y

Sh +V.(pVAh) (3.5)

If phase change occurs isothermally, the first term in the above equation vanishes, and Ah
depends on temperature (Ah =f(T)). f (T) is given as

For melting f(T) is given as
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0 T < T,
L(T-Ts0)

f(M) = (Ty-Tso) Tso<T<Ty (3.6)
L T>Ty,

For solidification f(T) is given as

0 T>T,
L(T;;-T)
f(T) = (Tlil_Tso) Tli =T = TSO (37)
L T<T,,

3.1.2 Initial and boundary conditions
Initial and boundary conditions during melting and solidifications are as follows.
3.1.2.1 Melting process

e The temperature at the inlet and volume flow rate of HTF are 353K and 1.4LPM.
o The outlet condition of fluid is considered as “outflow”.
e The initial temperature of PCM is 300K.

o Adiabatic condition is given to the outer surface of the shell.
3.1.2.2 Solidification process

e The temperature at the inlet and volume flow rate of HTF are 300K and 1.4LPM.
e The outlet condition of fluid is considered as “outflow”.
e The initial temperature of PCM is 353K.

e Adiabatic condition is given at the outer surface of the shell.
3.1.3 Thermophysical properties of NEPCM

Variation in the specific heat capacity, density, coefficient of thermal expansion, and
latent heat of NEPCM is calculated by using a mixture of the component technique[82].
To calculate the viscosity, the Krieger-Dougherty model is used[65]. By considering the
interfacial thermal boundary resistance between PCM and nanoparticles the effective

thermal conductivity of NEPCM is calculated by using the effective medium theory[65].
Density:
Pnepem = (1- ¢)ppcm + @Pnp (3.8)
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Heat capacity

(P) epem = L= @) (pcp) . + 0(PCs),,, (3.9)
Latent heat:
pnepcanepcm = (1 - (p)(pL)pcm (310)

Thermal expansion coefficient:

PrepcmPrepem = (1-9) (pﬁ)pcm + ‘P(pﬁ)np (3.11)
Viscosity:

—APmax
Unepem = Hpem (1 - <P::ax) (3.12)

“A” and @4, are intrinsic viscosity and maximum packing factor which are influenced
by the shape of nanoparticles. Packing factors for spherical, 1D and 2D materials are
0.632, 0.268, and 0.382 respectively[65]. The intrinsic viscosity for GNP is 9.87(dL/qg).

Thermal conductivity:

— 3+@[2Axx(1—Lyy)+A5,(1—L;;)]
knepcm = kpcm [ 3—@[2AxxLyx+AzzL77] ] (3_13)
Where
— a? a -1

Lxx - 2((12—1) 2(1—612)3/2 Cos a (314)

L, =(1-2L.) (3.15)
— kf,xx_kpcm

Axx - Kpcm+Lxx(kf,xx_kpcm) (316)
— kf,zz_kpcm

AZZ B kpcm+LZZ(kf,zz_kpcm) (317)

ki = o (3.18)

1+VL”( np/"pcm)
y = (1+ 20) 22pm fora<1 (3.19)

np
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Lx, Ly, and L, are geometric parameters that depend upon the aspect ratio of
nanoparticles. kixx and ks, are equivalent thermal conductivity. knp and Rug are the thermal
conductivity of nanoparticles and thermal boundary resistance between nanoparticles and
PCM which is in the order of 108 m? Kt W [65].

3.1.4 Parameters of metal foam
Pore density, porosity and diameter of the metal foam ligament are important parameters
required to obtain the characteristics of the metal foam. Ligament diameter ‘d)” is

estimated by Eqn.3.20.

a, _ 1-¢ 1
a =1.18 /g(m) (320)

Where the diameter of pore ‘dp’ is given by Eqn.3.21.

_ 00254
w

dp

(3.21)

Where ‘®’ is pore density (PPI)

The other parameters are the permeability of metal foam ‘K’ and inertial coefficient *Cs’

are given in Eqns.3.22 and 3.23 respectively.

K d -1.11

z= 0.00073(1 — g)~0-224 (d—;> (3.22)
0132 (% 13

Cr = 0.00212(1 — &)™ (£> (3.23)

The effective thermal conductivity of PCM with metal foam ‘k,.,,” and effective thermal

conductivity of metal foam ‘k,,,,," are given in Eqns.3.24 and 3.25 [121].

V2

effiPem = p (M +Mp+Mc+Mp)

k

where kpm =0 (324)
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V2

effPm = (M +Mp+Mc+Mp)

k

where Koem =0 (3.25)
Where:

40
47 (2a2+10(1-@)kpm+(4—2a2-16(1-a) ) kpem

(3.26)

My = (a20)" (3.27)

((a—ZJ)azkpm)+(2a—4a—(a—20)a2)kpcm

— (\/5-2(1)2
Me = 2”‘72(1—2a\/§)kpm+2(\/5—2a—n'oz(1—2a\/7))kpcm (3.28)
_ 2a
Mp = a2kpm+(4-akpem (3.29)
o = V2(2-5/8a3V2-2¢) (330

n(3-4av2-a)

Where ‘a’ = 0.339; ‘¢’ is the porosity of metal foam and ‘Keffpem’ 1s the thermal

conductivity of PCM in the presence of metal foam.

In the present study, the heat transfer coefficient *hgs” between porous media and PCM is

estimated using Churchill and Chu correlation [123][91]. Metal foam ligaments are

considered to be smooth cylinders. The heat transfer coefficient is given as

0.387Ral/6

— Kpem
hgr = 2 0.6 + o T (3.31)
)"
Where
— (#»
r=(2) (3.32)
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_ Q/’)lTpm_Tpcmldl3
Ra = S pmbmc, (3.33)

The specific surface arca between metal foam and PCM ‘Asf’ is given as

A _ 3ndy(1-e~(179)/0.04)
sf (0.59d,)"

(3.34)

In the present work, a non-thermal equilibrium approach is used to model the heat
transfer interaction between PCM and metal foam. To model the heat transfer interaction
between PCM and metal foam continuity and momentum equations remain the same as
shown in Eqns.3.1 and 3.2 but instead of one energy equation, two separate equations are

used. Eqns.3.35 and 3.36 are energy equations of metal foam and PCM respectively.

PCM:

oT a(Ah)
e(pcp)pcm (E + V. VTpcm) + eppem 5, = KV Tpem + hspAsg (Tyem — Tym) + Sn

(3.35)
Porous media (metal foam):
Tpm\ _ ;o2
a-a(pcp),, (Z22) = kV2 Ty + hypAs (Tym — Tpem) (3.36)

3.2 Parameter definition

In this study to compare the performance of various heat exchangers melting time,
solidification time, exergy efficiency, energy storage (energy absorbed by PCM during
melting) and energy release (energy released by PCM during solidification) ratios are
considered. Both melting time and solidification time are obtained from the numerical

simulations.
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3.2.1 Energy storage and release ratios

The energy storage ratio is given as the ratio of energy stored to the maximum amount of
energy that LHSS can store. During melting, energy is stored (Es) and during

solidification, energy is released (Er). The equations are given as

( Cp.s (Tavg - Tini) Tavg <Ts
Tav _Tso
Est = 4 CP,S(TSO - Tini) + L ( Tlf—_Tso ) Tso < Tavg < Tli (337)

k Cp,s(Tso - Tini) + L+ Cp,l(Tavg - Tl) Tavg > Tli

( Cp,l(Tini - Tavg) Tavg > Ty
E ={c (Tyni = Typ) + L () Toy < Topg < Ty (3.38)
r p,l\lini li T1i~Tso so = tavg = 11li .

kcp,l(Tini - Tli) +L+ Cp,s (Tso - Tavg) Tavg < Tso

During melting, the energy storage ratio (&) is given as Eqn.3.40. Here Est and Ens are

the energy stored and the maximum amount of energy that LHSS can store.

Ems = Cp,s(Tso - Tini) +L+ Cp,l(Thtf - Tli) (339)
Egr = Ifmt (3.40)

During solidification, the energy release ratio (g, is given as Eqn.3.42. Here E; and Enr

are the energy release and the maximum amount of energy that LHSS can release.

Emr = Cp,s(Tso - Thtf) + L+ Cp,l(Tini —Ty) (3.41)
& =5 (3.42)
3.2.2 Exergy

Exergy is the quality of the energy available. Exergy relations during melting and

solidification are given below.

During melting

Ey.cln = mhthp,htf [(Tin — Tout) — Toln (;in )] (3.43)

out
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Ex, = E,, [1 —To ] (3.44)

avg

Neem = 22t % 100 (3.45)

EXin

Where Ex;, is exergy given by HTF, Exg, is exergy stored, ng, is exergy efficiency

during melting, T;, is inlet temperature and T,,,; is the outlet temperature of HTF.

During solidification

Ex, = E, [1 ~ o ] (3.46)
avg
; . Tou
Exout = mhthp,htf [(Tout —Tin) — Toln (Tint)] (3.47)
EXoy
Nexsol = o X 100 (3.48)

Where Ex, exergy released by PCM, Ex,,; is exergy out to HTF, 1z, o1 iS EXergy

efficiency during solidification and T,, is ambient temperature.

3.3 Closure

In the present chapter, numerical methodology followed to model PCM interaction with
nanoparticles + fins, PCM interaction with porous media (metal foam) and PCM
interaction with porous media + nanoparticles are discussed. Initial and boundary
conditions used in simulations are presented. The parameters considered to analyze the

performance of the LHSS are discussed in the current chapter.
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Chapter 4

Numerical analysis of thermal transport for pure PCM
in shell and tube heat exchanger

In chapter 3, numerical methodology and comparison parameters used to numerically
simulate and analyze the heat exchangers are discussed. For numerical simulations, the
shell and tube heat exchanger dimensions are fixed based on the optimal design parameters
obtained from the literature. The analysis of pure PCM based shell and tube heat exchanger
is carried out in the present chapter. The study gives an inference on the performance of the
pure PCM shell and tube heat exchanger. The results of the pure PCM shell and tube heat
exchanger are used to compare the performance of the PCM shell and tube heat
exchangers, in which hybrid heat transfer enhancement techniques are used in the next
chapters. The current chapter conducts melting and solidification analysis of pure PCM

shell and tube heat exchanger.

4.1 Geometric parameters of shell and tube heat exchanger

Geometric parameters of the heat exchanger are selected considering the optimized
geometric parameters in the literature. On reviewing the literature related to LHSS shell
and tube heat exchanger, Kalpala and Devanuri [63] concluded that tube to shell diameter
should be nearly 0.25. In the present work, this ratio is considered as 0.254. Trp et al.[64]
observed that LHSS has shown better performance when the ratio of length to shell
diameter is kept near 3.2. In the present study, this ratio is 3.33. The heat exchanger length,
shell diameter and tube thickness are considered as 250mm, 75mm and 0.8mm,
respectively. The schematic of the heat exchanger is shown in Fig. 4.1. Kalpala and
Devanuri [42] noted that varying mass flow rate of HTF has an insignificant effect on the
performance of the heat exchanger. The volume flow rate of HTF is fixed at 1.4 LPM[29].
Compatibility studies of organic PCMs with different metals carried out by Gaddala and
Devanuri [133] revealed that stainless steel exhibited better compatibility with the PCM;
as a result, the tube material is selected as stainless steel. Since lauric acid is suitable for
heat storage applications, it is considered for the study. The thermophysical properties of

lauric acid [134] are given in Table 4.1.
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Fig 4.1 Schematic of PCM shell and tube heat exchanger

Table 4.1 Thermo physical Properties of Lauric acid[134]

Thermophysical properties Value
Solidus temperature (K) 316.46
Liquidus temperature (K) 322.94

156827

Latent heat (J/kg)

Density (kg/m?®) 1051.2 (solid)
885.04 (liquid)
Thermal conductivity (W/m K) 0.227 (solid)
0.388 (liquid)
Specific heat (J/kg K) 1390 (solid)
1570 (liquid)
Thermal expansion coefficient (K1) 0.000925
0.00435

Viscosity (kg/m s)
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4.2 Results and discussion

4.2.1 Melting
4.2.1.1 Temperature distribution and melt fraction

Fig.4.2 shows the contours of temperature and melt fraction during melting for
considered LHSS heat exchangers. Both the temperature and melt fraction contours
indicate that the melted hot PCM is settling at the top portion of the heat exchanger due
to the buoyancy effect. Initially, the amount of melted PCM is less in the vertically
positioned heat exchanger than in the incline and horizontally positioned heat exchanger,
but the maximum temperature is noted to be high in the vertically oriented heat
exchanger. As time progresses, the temperature of the hot PCM settled at the top portion
of the heat exchanger increases and reaches nearly the temperature of HTF. During the
final stage of melting, unmelted PCM is noted to present at the bottom part of the heat
exchanger, irrespective of the orientations of the heat exchangers. It infers that initially,
heat transport took place towards the top portion of the heat exchanger due to natural
convection and during the final stage, heat transport took place from the top portion to the

bottom portion of the heat exchanger due to the conduction mode of heat transfer.

To better understand the effect of orientation during melting, transient variations of melt
fraction and average temperature are analyzed. Fig.4.3 shows the transient variation of
temperature and melt fraction of the LHSS considered. From Fig.4.3 (a), it can be noticed
that at the initial stage of melting, variation in average temperature with time is the same
for all the considered orientations of the heat exchanger. Whereas during the initial stage
of melting, the rate of melting is less in the vertically oriented heat exchanger and is
equal in the inclined (45) and horizontally oriented heat exchanger. As time progresses, a
sudden decrease in the rate of increase in the average temperature and melt fraction in
horizontally oriented heat exchanger is noted. This is because PCM present at the top
portion of the heat exchanger reached to a temperature nearly that of HTF temperature
and heat transport to the bottom portion takes place from the top portion of the heat
exchanger. PCM presented in the bottom portion which is to be melted due to the
conduction mode of heat transfer is maximum in horizontally oriented heat exchanger

followed by incline (45) oriented heat exchanger, and least in vertically oriented heat
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exchanger. As a result, on further melting, the rate of increase in the melting and average
temperature decreases in the inclined (45) heat exchanger. Although initially during
melting, the rate of melting is less in case of the vertically oriented heat exchanger overall
melting time is less, this is because during the final stage of the melting, heat transport
took place due to the conductive mode of heat transfer. The amount of PCM which is to
be melted due to the conductive mode of heat transfer is less in the case of the vertically
oriented heat exchanger. The complete melting time of vertical, incline (45) and
horizontally oriented heat exchangers are 6505, 8065 and 8050 seconds, respectively. The
average temperature at the end of melting for vertical, incline (45) and horizontally

oriented heat exchangers are 350.67, 352.4 and 347.05 K, respectively.

Time (Sec)
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349
' 345.5
342
_ 338.5
Vertical 335
(90) | 331.5
l 328

] 3245
321
3175
314

Incline .. .
(45) Liquid fraction

1

09

0.8

0.7

06

0.5

0.4

0.3

0.2

0.1

Horizontal 0
(0) I |
I | S—

Fig 4.2 Temperature (left) and melt fraction (right) contours during melting
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Fig 4.3 Average temperature and melt fraction evolution for heat exchangers during
melting

4.2.1.2 Energy storage ratio

The amount of the energy stored is proportionate to the average temperature and is
calculated by EQq.3.37. The energy storage ratio is given by Eqn.3.40. Fig.4.4 shows the
transient variation of the energy storage ratio for the considered heat exchangers. It can
be noted that irrespective of the orientation of the heat exchanger the energy storage ratio
of considered LHSS can be divided into three stages. During the initial stage, the energy
is absorbed in the form of sensible heat, due to this the rate of increase in the energy
storage ratio is less. During the second stage, the energy is absorbed in the form of latent
heat of the material. In this stage, a large amount of energy is stored with very less
change in the temperature, a sharp rise in the energy storage ratio is noted in this stage.
Until the completion of the second stage, the trend in energy storage ratio is the same in
all heat exchangers irrespective of the orientation of the heat exchanger. This is because
until the second stage average temperature of all LHSSs is the same. During the third
stage of melting the energy storage again takes place in the form of sensible heat. As a
result, the rate of energy storage is less. In this stage variation in the energy storage ratio
is due to variation in the average temperature of LHSS. The energy storage ratio at the
end of melting for vertical, incline (45) and horizontally oriented heat exchangers are
0.98, 0.99 and 0.95 respectively. The energy storage ratio followed the trend of average

temperature.
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Fig 4.4 Energy storage ratio evolution for heat exchangers during melting

4.2.1.3 Exergy efficiency during melting

Exergy is the amount of available energy. Exergy efficiency represents the quality of the
energy that can be retrieved. It depends upon the outlet and inlet temperatures of HTF
and the PCM average temperature. Fig.4.5 shows the exergy efficiency of considered
heat exchangers. It is observed that for all the considered cases exergy efficiency during
the process of melting is observed to follow the trend of the average temperature of PCM.
This is because as the process of melting progresses the average temperature of PCM
increases which prompts an increase in the exergy efficiency with time. Throughout the
melting process, the difference between the outlet and inlet temperature of HTF is very
less, as a result, the exergy efficiency is dependent mostly on the average temperature of
the PCM. Average exergy efficiency for vertical, incline (45) and horizontally oriented
heat exchangers are 67.55%, 76.16% and 70.88% respectively. Since the vertical heat
exchanger is operated at high temperatures for less time its exergy efficiency is less when
compared with other orientations of the heat exchanger and the inclined heat exchanger is
operated at high temperatures for the highest time, thus resulting in the highest average

exergy efficiency.
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Fig 4.5 Exergy efficiency evolution for heat exchangers during melting

4.2.2 Solidification
4.2.2.1 Temperature distribution and melt fraction

Fig.4.6 shows the contours of temperature and melt fraction during solidification for the
considered LHSS heat exchangers. It is observed that during the initial stage of
solidification, the distribution of temperature is nearly uniform. This indicates that the
solidification process is conduction dominant. But in liquid fraction contours, a small
portion of liquid PCM at the top and near the shell surface of the heat exchanger can be
noted. This is due to buoyancy force. In the case of the horizontal heat exchanger amount
of liquid PCM settled at the top is more than the other orientations of the heat exchanger,
at the same time maximum amount of the solidified PCM is present at the bottom section
of the horizontally oriented heat exchanger than compared with other two. As time
progress, the amount of the solidified PCM increases in the heat exchanger. A maximum
amount of the solidified PCM is observed to be present at the bottom part of the heat
exchanger. This is because of buoyancy force, which results in hot liquid PCM settling at
the top portion of the heat exchanger. This phenomenon is observed even at the final
stage of the solidification.
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Fig 4.6 Temperature (left) and melt fraction (right) contours during solidification

To have better insight into the effect of orientation during solidification, transient
variation of average temperature and melt fraction is analyzed. Fig.4.7 shows the
transient variation of temperature and melt fraction of LHSS considered. From Fig.4.7 (a)
it can be noticed that irrespective of the orientation of the heat exchanger, trends in the
transient variation of average temperature and melt fraction are the same. This is because
throughout the solidification process heat transfer is predominantly due to conduction. A
rapid decrease in the temperature is noted during the initial stage of the solidification and
reaches to liquids temperature of PCM although the melt fraction in this situation is
greater than 0.8. This indicates that due to the conduction mode of heat transfer a uniform
decrease in the temperature is noted in the LHSS heat exchanger. As time progresses
decrease in the rate of temperature decreases due to a decrease in the temperature

difference between the average temperature of LHSS and HTF. The complete
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solidification time of vertical, incline (45) and horizontal oriented heat exchangers are
29100, 30775 and 26675 seconds respectively. The average temperature at the end of
solidification for vertical, incline (45) and horizontal oriented heat exchangers are 300.74,
299.47 and 303.18 K respectively.
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Fig 4.7 Temperature (left) and melt fraction (right) contours during solidification

4.2.2.2 Energy release ratio

The energy released by PCM is proportional to the difference between the initial
temperature and the average temperature of the PCM. The energy release ratio is the
energy given away by PCM to the maximum energy that PCM can release. Fig.4.8 shows
the transient variation of the energy release ratio for the considered heat exchanger. It can
be noted that irrespective of the orientation of the heat exchanger, the energy release ratio
of considered LHSS can also be divided into three stages like energy storage ratio. The
initial stage during which energy is released is in the form of sensible heat. The rate of
energy ratio during the first stage is very high because of the rapid decrease in the
temperature during the first stage of solidification. During the second stage, the energy is
released in the form of the latent heat capacity of the material. In this stage, a large amount
of energy is released for very less change in the temperature. During the third stage of
solidification again the energy release takes place in the form of sensible heat and the rate
of decrease in temperature is also less during this stage, as a result, the rate of energy
release is less. From Fig.4.8 it can be observed that the orientation of the heat exchanger
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has less effect on the energy release ratio during the solidification. The energy release ratio
at the end of solidification for vertical, incline (45), and horizontal oriented heat

exchangers are 0.98, 0.99 and 0.96 respectively.
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Fig 4.8 Energy storage ratio evolution for heat exchangers during melting

4.2.2.3 Exergy efficiency

Analysis of exergy efficiency during solidification is very important. It gives an insight
into the quality of energy that can be recovered. Fig.4.9 shows the exergy efficiency for
all considered heat exchangers. From Fig.4.9 it can be observed that exergy efficiency
decreased with the progress of solidification. The PCM releases energy at a temperature
that is much higher than the outlet temperature of the HTF, thus resulting in exergy
destruction during the process of solidification. Initially, the difference in inlet and outlet
temperatures of HTF is considerably high as a result exergy efficiency is high. Average
exergy efficiency for vertical, incline (45) and horizontally oriented heat exchangers
during solidification are 0.59%, 0.61% and 0.72% respectively. The average exergy
efficiency during solidification is very less. This indicates that the outlet temperature of
HTF is very less when compared with the temperature at which PCM releases energy.
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Fig 4.9 Exergy efficiency evolution for heat exchangers during solidification
4.3 Closure

In this chapter thermal performance of the pure PCM (Lauric acid) in shell and tube heat
exchanger during both melting and solidification is investigated considering the effect of

orientation. Performance comparison of the considered heat exchangers is carried out.

e During melting minimum of 6505 sec and a maximum of 8065 sec are noted in vertical
and 45 oriented heat exchangers.

e The final average temperature of LHSS during melting has a minimal effect due to the
orientation of the heat exchanger, thus resulting in a minimal effect on the final energy
storage ratio.

e During melting, maximum average exergy efficiency and minimum average exergy
efficiency of 76.16% and 67.55% are noted in 45 and vertically oriented heat exchangers.

e During solidification minimum of 26675 sec and a maximum of 30775 sec are noted in
horizontal and 45 oriented heat exchangers.

e The final average temperature, final energy release ratio and exergy efficiency of LHSS

during solidification have a minimal effect due to the orientation of the heat exchanger.
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Chapter 5

Effect of fins — nanoparticles on the thermal
performance of latent heat storage system

5.1 Introduction

The usage of fins and nanoparticles has shown a significant improvement in the melting
and solidification of phase change materials (PCM). Analysis of the combined effect of the
fins and nanoparticles further improves the performance of the latent heat energy storage
systems (LHSS). On reviewing the literature, it was found that radial, spiral and
longitudinal fins are the most commonly used fins to enhance the rate of heat transfer in
LHSS and graphene nanoplatelets (GNPs) nanoparticles were found to show better
compatibility with PCMs. Inclination studies on LHSS have shown contradicting results.
Hence, in the present chapter melting and solidification performance of radial fins, spiral
fins, and longitudinal fins in combination with nanoparticle-enhanced phase change
materials (NEPCM) in a shell and tube heat exchanger is analyzed, and a comparison is
made. GNPs are selected as nanoparticles in the present analysis because they lead to a

high increase in the thermal conductivity of PCMs.

5.2 Physical model

The computational domains of radial, spiral and longitudinal finned shell and tube type
LHSS is shown in Fig.5.1. To decide the geometric parameters for the hybrid fin-NEPCM-
based shell and tube heat exchanger, the optimized parameters from the literature are
considered. Kalapala and Devanuri[63] on reviewing several research works, concluded
that the optimized ratio of shell to tube diameter should be nearly 4. Kaplala and
Devanuri[29] gave the non-dimensional correlation for fin spacing and fin diameter by
optimizing the melting time for radial finned LHSS heat exchanger. In the present study,
the same pitch and diameter of fins are considered for radial and spiral finned LHSS heat
exchangers. Rabienataj et al.[135] on conducting numerical analysis found that the optimal
number of longitudinal fins is 10 considering the melting time for a shell and tube LHSS

heat exchanger. Gaddala and Devanuri[133] on conducting compatibility studies with
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different organic PCMs concluded that stainless steel showed better resistance to the

corrosion effect.

The length of the heat exchanger, the inner diameter of the shell, and the thickness of the
tube are considered to be 250mm, 75mm and 0.8mm respectively. The ratio of the shell
diameter to the outer diameter of the tube is taken as 3.93. The radius of the radial fins is
considered from the non-dimensional parameters given by Kalapala and Devanuri[29]. The
same diameter is considered for spiral fins. The radial distance of longitudinal fins is
considered to be equal to the radius of radial fins. Stainless steel is considered for tube and
fin material. The fin thickness of radial fins is considered to be 0.8mm and the fin
thickness for the spiral is adjusted such that the volume of PCM is the same in every case.
Kalapala and Devanuri[42] observed that the influence of the mass flow rate of HTF is
negligible. Therefore in the present study, the mass flow rate of the HTF is fixed at 1.4
LPMJ[29]. The Reynolds number for the considered mass flow rate of HTF is 1710. Lauric
acid is considered as the PCM due to its suitability for heat storage applications[133]. The
thermophysical properties of lauric acid[134] and nanoparticle-enhanced lauric acid are
listed in Table 5.1.

(a) (b) ()

Fig 5.1 Computational domain of LHSS HXs (a) Radial fins (b) Spiral fins (c) Longitudinal fins
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Table 5.1 Properties of pure PCM (lauric acid) and NEPCM

Pure [133] 0.5% GNP 1% GNP
Solid Liquid Solid Liquid Solid Liquid
Solidus
temperature | 316.46 316.46 316.46 316.46 316.46 316.46
(K)
Liquidus
temperature | 322.94 322.94 322.94 322.94 322.94 322.94
(K)
'—at(g?lif;eat 156827 | 156827 | 155194.8 | 154892.2 | 153580.3 | 152985.7
g
Density 1051.2 885.04 | 1056.944 | 891.61 1062.68 898.189
(kg/m?®)
Thermal
(W/m K)
Specific heat | 1390 1570 1382.226 | 1558.563 | 1374.53 | 1547.294
(J/kg K)
Thermal
expansion B 0.000925 3 0.000914 3 0.000902
coefficient
(™Y
Viscosity B 0.00435 _ 0.004572 _ 0.004808
(kg/ms)

5.3 Numerical methodology

5.3.1 Validation

The finite volume method is considered for the computational domain. For pressure-
velocity coupling, the PISO is employed. To handle the pressure PRESTO methodology is
used and a second-order upwind scheme is used for the discretization of momentum and
energy equations. The convergence criteria for continuity, momentum, and energy
equations are kept as 10, 10, and 10® respectively. ANSYS FLUENT is used to solve

the governing equations.

To make sure that the present numerical results match with realistic phase change process,
numerical modeling for the melting and solidification process of NEPCM are compared
with the results of Khan et al.[82]. Physical model of Khan et al.[82] is a multi-tube shell
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and tube heat exchanger in which the PCM was enhanced with 3% volume Al;Os. The
present numerical model exhibited a maximum deviation of 4% during melting and 8%
during solidification which is shown in Fig.5.2. Thus, it can be concluded that the present
numerical model can be used for further investigation.

60 70
(b) oo Khan et aL[82] numerical
60
50 4 _ Khan et aL[82]
8 ‘ 53*50 | experimental
2 40 4 Error bar £4% : ===Present
g 5
g —— Khan et al.[82] numerical =40 Error bar +8%
230 - g
s Khan et al.[82] E‘
& experimental ﬁ30 1
20 ==+Present
20 A
10 - : . 10 T T T T
0 50 100 150 0 10 20 30 40 50
Time (mins)

Time (mins)

Fig 5.2 Numerical validation for (a) melting (b) solidification [82]
5.3.2 Grid and time independence

For a transient heat transfer phenomenon time step, grid quality, and grid number are very
important factors that affect the solution and computational time. For the considered heat
exchangers, structured grids are generated as shown in Fig.5.3. Grid and time-independent
studies are examined individually for the considered fin configurations by comparing the
volume-averaged melt fraction of the PCM in the heat exchanger. Based on the grid
independence studies, the grid sizes considered for radial fin, spiral fin, and longitudinal
fin heat exchangers are 253195, 391834, and 163284, respectively. Similarly, time-
independent studies are carried out with 0.1, 0.2, and 0.3 seconds time steps. Time

independence is achieved for 0.2 seconds time step for all the considered fin geometries.
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5.4 Results and discussion

5.4.1 Melting

5.4.1.1 Temperature and melt fraction distribution

Fig.5.4 illustrates the contour profiles of temperature and melt fraction of radial fin LHSS
during melting at 1200 seconds. From temperature contours, in the case of the vertically
oriented heat exchanger, the uniform temperature is noted throughout the LHSS. This is
because, in vertically oriented LHSS with radial fins the melted NEPCM is obstructed by
fins to move towards the top portion of the heat exchanger. Whereas in the case of the
inclined (45) and horizontal radial finned LHSS NEPCM temperature at the top portion of
the heat exchanger is high, this indicates that melted hot NEPCM is settled at the top
portion of the heat exchanger. The temperature at the top portion of the heat exchanger is
maximum in the case of the horizontally oriented radial finned heat exchanger. This
indicates that the buoyancy effect is maximum in horizontal radial finned heat exchangers
because horizontally oriented heat exchanger fins will not obstruct the transport of PCM
due to buoyancy force. The effect of the GNP nanoparticles can be noted from the melt
fraction contours. For a considered orientation of the heat exchanger shape of the melt
front is the same, but the amount of the un-melted portion is noted to be more in pure PCM
heat exchanger and less in LHSS with 1% volume GNP nanoparticles NEPCM. This
indicates that for a considered orientation of the heat exchanger melting time decreases

with an increase in the volume fraction of the GNP nanoparticles.

Fig.5.5 illustrates the contour profiles of the temperature and melt fraction of spiral fin
LHSS during melting at 1200 seconds. It can be noted that the profile of temperature and
melt fraction contours of spiral finned heat exchanger is similar to that of the radial fin heat
exchanger. This is because the geometry of the spiral fins is similar to the radial fins. So
the effect of the natural convection and conduction mode of heat transfers will be similar to
that of the radial finned heat exchanger. The effect of the orientation and GNP
nanoparticles on the spiral finned heat exchanger is similar to the radial finned heat

exchanger.

Fig.5.6 illustrates the contour profiles of the temperature and melt fraction of longitudinal

finned LHSS during melting at 1200 seconds. From the temperature contours, in the case
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of the vertically oriented LHSS, hot melted NEPCM started to form at the top portion of
the heat exchanger due to buoyancy force. In the case of longitudinal fin LHSS, in vertical
condition fins won’t obstruct the hot melted NEPCM to settle at the top portion of the
PCM, more over fins provide more surface area along which flow can take place. Whereas
in the case of the inclined (45) and horizontal longitudinal finned LHSS, the temperature at
the top section is less, this is due to obstruction of the liquid NEPCM due to fins. Similarly,
the radial and spiral fin effect of GNP nanoparticles on the longitudinal finned LHSS can
be observed from the melt fraction contours. For a considered orientation of the heat
exchanger shape of the melt front is the same but the amount of the un-melted portion is
noted to be more in pure PCM heat exchanger and less in LHSS with 1% volume GNP
nanoparticles NEPCM. This indicates that for a considered orientation of the heat
exchanger melting time decreases with an increase in the volume fraction of the GNP

nanoparticles.
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5.4.1.2 Average temperature

A variation in average temperature during melting is analyzed to gain a better

understanding of the effect of orientation, GNP nanoparticles and fin type. Fig.5.7

illustrates the average temperature variation of radial fin shell and tube LHSS heat

exchangers during melting. From Fig.5.7 (a), (b), and (c) it can be noted that irrespective of

orientation, variation in the average temperature at the initial stage of melting is similar.

This is because, at the earliest stage, the heat transfer is predominated by conduction. As

time progresses it is noted that the average temperature in the horizontal case is more than

that of the inclined followed by vertical oriented heat exchanger irrespective of the volume
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fraction of the GNP nanoparticles. This is due to the high strength of buoyancy force which
results in hot melted NEPCM, which is nearly at the temperature of HTF getting settled at
the top portion of the heat exchanger during the intermediate stage of melting. This amount
of NEPCM decreased with an increase in the inclination angle of the radial finned heat
exchanger. On further melting a sharp rise in average temperature is noted in the case of
the vertically inclined LHSS. This is because at this stage the melt front of NEPCM
crossed the finned zone, this gives a provision to melted NEPCM to move to the top
portion of the LHSS and reach a temperature nearly equal to HTF temperature. A similar
trend can be noted in inclined heat LHSS, but the rate of increase in the temperature is less
than that of the vertical case. Although the addition of GNP nanoparticles resulted in an
increase in the effective thermal conductivity of the PCM, their effect on the melting
mechanism is less when compared with the orientation effect. They have shown the effect
on the variation of the magnitude of average temperature. In radial fin LHSS, the
maximum average temperature at the end of melting is 352.5 K in pure PCM LHSS
inclined at 45 and the minimum average temperature at the end of melting is 338.3 K in
1% volume GNP LHSS oriented vertically.
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Fig 5.7 Average temperature evolution for radial fin heat exchangers during melting (a)
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Fig.5.8 illustrates the average temperature variation of spiral fin shell and tube LHSS heat
exchangers during melting. Similarly to that of melt fraction and temperature contours the
average temperature trends are similar to that of the radial finned LHSS. In spiral fin LHSS
maximum average temperature at the end of melting is 352.4 K in pure PCM LHSS
inclined at 45 and the minimum average temperature at the end of melting is 346.5 K in

1% volume GNP LHSS oriented vertically.
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Fig 5.8 Average temperature evolution for spiral fin heat exchangers during melting (a) 1%
volume GNP (b) 0.5% volume GNP and (c) pure PCM

Fig.5.9 illustrates the average temperature variation of longitudinal fin shell and tube
LHSS heat exchangers during melting. Similarly to that of radial and spiral finned LHSS
during the initial stage of melting irrespective of orientation, variation in the average
temperature at the initial stage of melting is similar due to the conductive mode of heat
transfer during the initial stage of melting. On further melting a little variation is observed
in the average temperature of the longitudinal finned heat exchanger due to variation in the
orientation of the LHSS. Due to the addition of GNP nanoparticles, variation in the average
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temperature is noted similarly to that of the radial and spiral finned heat exchanger. In
longitudinal fin LHSS, the maximum average temperature at the end of melting is 352.3 K
in pure PCM LHSS inclined at 45 and the minimum average temperature at the end of
melting is 346.8 K in 1% volume GNP LHSS oriented horizontally.
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Fig 5.9 Average temperature evolution for longitudinal fin heat exchangers during melting
(@) 1% volume GNP (b) 0.5% volume GNP and (c) pure PCM

5.4.1.3 Melting time

Fig.5.10, 5.11, and 5.12 shows the melting time taken to an increment of 0.25 melt fraction
for radial, spiral, and longitudinal finned LHSS till the end of the phase change process
during melting. During the initial stage of melting time to attain a melt fraction from 0 to
0.25 is higher than the time to attain a melt fraction from 0.25 to 0.5. This is because
during the initial stage of melting some amount of energy is stored due to sensible heat,
during which NEPCM absorbs energy without melting. Further from a 0.5 melt fraction
time taken to melt for every 0.25 melt fraction increases due to a drop in the temperature

difference between HTF and the average temperature of the NEPCM. It can be noted that
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at all the intervals of melting, melting time decreased with an increase in the volume
fraction of the GNP nanoparticles. For a considered heat exchanger with the same volume
fraction of the GNP nanoparticles, the radial finned heat exchanger has the least melting
time. During melting the maximum melting time of 5680 seconds is observed in spiral
finned pure PCM LHSS oriented at 45 and a minimum melting time of 1710 seconds is
observed in radial finned 1% GNP LHSS oriented vertically. In comparison with pure
PCM shell and tube heat exchanger which has minimum melting time, a minimum of
12.68% and a maximum of 73.71% reduction in melting time is noted.
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5.4.1.4 Energy storage ratio

The stored energy by NEPCM is directly proportionate to the variation of initial and
instantaneous average NEPCM temperature. The energy storage ratio during melting is
defined as the energy absorbed by NEPCM to the maximum quantity of energy that
NEPCM can absorb. Fig.5.13, 5.14 and 5.15 illustrates how the energy storage ratio varies
among the radial, spiral and longitudinal fin heat exchangers. From Fig.5.13, 5.14 and 5.15
it is possible to divide the energy storage ratio into three stages. It is sensible heat that
absorbs energy during the initial stages. The material's latent heat capacity absorbs the
energy during the second stage. The temperature changes very little during this stage
despite absorbing a huge amount of energy. The third stage of solidification releases
sensible heat and the temperature increase at a slower rate during this stage, which results
in a slower rate of energy absorption. From Figs. 5.13, 5.14 and 5.15 it can be viewed that
the energy ratio is significantly affected by the fin type and the inclination of the heat
exchanger. The energy storage ratio during melting is high for a 45° inclined heat
exchanger irrespective of the type of the fin and volume fraction of GNP nanoparticles.
During melting the maximum energy storage ratio of 0.996 is observed in radial finned
pure PCM LHSS oriented at 45 and the minimum energy storage ratio of 0.898 is observed
in radial finned 1% GNP LHSS oriented vertically. On comparison with pure PCM shell
and tube heat exchanger which has a maximum energy storage ratio, a maximum

improvement of 0.4% and maximum reduction of 10.28% in energy storage ratio is noted.
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5.4.1.5 Exergy efficiency

The available energy is termed exergy. Its efficiency gives an overview of the quality of
energy. It relies on the inlet and outlet HTF temperatures and the average NEPCM
temperature. Fig.5.16, 5.17 and 5.18 illustrates the radial, spiral and longitudinal fin heat
exchanger exergy efficiency. It can be deduced that the exergy efficiency follows the trend
of average NEPCM temperature during melting. This is because as the process of melting
progresses the average temperature of NEPCM increases which prompts an increase in the
exergy efficiency with time. Throughout the melting process, the difference between the
outlet and inlet temperature of HTF is very less, as a result, the exergy efficiency is
dependent mostly on the average temperature of the NEPCM. The exergy efficiency at the
end of melting depends more on the type of fins and orientation of the LHSS heat
exchanger and less on the volume of GNP nanoparticles. The average exergy efficiency
during melting is high for 45 inclined heat exchangers and least for vertical heat
exchangers irrespective of the type of the fin and volume fraction of GNP nanoparticles.
This is because in the case of 45 inclined heat exchanger, the heat exchanger is maintained

at a higher temperature for a long time and by the time of complete melting of NEPCM,
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the average temperature of LHSS reaches near the inlet temperature of HTF. Whereas in
the case of the vertically oriented heat exchanger, the complete melting of NEPCM s
finished before NEPCM average temperature reaches near HTF temperature. During
melting the maximum average exergy efficiency of 72.77% is observed in spiral finned
pure PCM LHSS oriented at 45 and the minimum average exergy efficiency of 44.49% is
observed in radial finned 1% GNP LHSS oriented vertically.
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5.4.2 Solidification

5.4.2.1 Temperature and melt fraction distribution

Fig.5.19, 5.20 and 5.21 displays the contour profiles of temperature and melt fraction of
radial, spiral and longitudinal fin shell and tube LHSS during solidification at 1800
seconds. The distribution of temperature along the tube is nearly uniform irrespective of
the orientation of LHSS, the volume fraction of GNP nanoparticles and the type of fins
used because solidification is dominated by conduction. But from melt fraction contours it
can be viewed that a little amount of liquid NEPCM is settled on the top portion of all the
heat exchangers considered. For a considered orientation and volume fraction of the GNP
nanoparticles, the amount of unsolidified NEPCM settled at the top portion of the LHSS is
more in spiral and longitudinal fin heat exchanger. Based on this behavior a conclusion can
be drawn that longitudinal and spiral fin heat exchangers solidify at a slower rate than
radial fin heat exchangers for a considered orientation and volume fraction of GNP
nanoparticles. The effect of GNP nanoparticles can be observed from melt fraction
contours. For a particular type of fin and orientation of the heat exchanger, it can be
observed that with an increase in the volume fraction of GNP nanoparticles, the amount of
unsolidified NEPCM settled at the top portion of LHSS is decreasing. This indicates that
with an increase in the volume fraction of the GNP nanoparticles, the rate of solidification
increases. The effect of the orientation could not be interrupted by the melt fraction and

temperature contours.
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5.4.2.2 Average temperature

Variation in average temperature during solidification is analyzed to gain a deeper
understanding of the effect of fin type, orientation and volume fraction of GNP
nanoparticles. Fig.5.22, 5.23 and 5.24 displays the behavior of average temperature of
radial, spiral and longitudinal fin shell and tube LHSS. From Fig. 5.22, 5.23 and 5.24 it can
be noticed that transient variation in average temperature follows the same trend regardless
of the fin type, inclination and volume fraction of GNP nanoparticles of LHSS because of
the conduction mode of heat transfer. Among the optimized geometries studied, the spiral

fin heat exchanger has the least average temperature and the radial fin heat exchanger has
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the highest, the opposite is observed for solidification time. For a particular heat exchanger
with the same fin type and orientation of LHSS, with an increase in the volume fraction of
GNP nanoparticles, solidification time decreased. The maximum average temperature at
the end of solidification is 304.68 K in longitudinal finned 1% volume GNP LHSS oriented
horizontally and the minimum average temperature at the end of melting is 300.43 K in
spiral finned pure PCM LHSS oriented horizontally.

~348 4 (a 348 4
< () Radial fin - 1%vol GNP z (0) R adial fin - 0.5%vol GNP
@
P - S’ -
;‘ 338 —Vertical @ 338 — Vertical
. = .
R R | Incline (45') gas 0 Incline(45')
E - - Horizontal 2 - - Horizontal
P § 318 -
£ )
E = 308 -
Tt
< 2
298 . . < 208 . . .
0 2000 4000 6000 0 2000 4000 6000 8000
Time (Sec) Time (Sec)
348 Radial fin - pure PCM
C
338 © —Vertical
----- Incline (45")
328 1 = - Horizontal

Average temperature (K)

0 2000 4000 6000 8000
Time (Sec)

Fig 5.22 Average temperature evolution for radial fin heat exchangers during solidification
(@) 1% volume GNP (b) 0.5% volume GNP and (c) pure PCM

65



Spiral fin - 1% vol GNP

N - Horizontal

Average temperature (K)

Vertical < 338
—Vertica 5 Spiral fin - 0.5% vol GNP
328 -----Incline (45') w328
=+ Horizontal é. —Vertical

318 ] M T e Incline 45))

S

«<

g

<

298 . . h 298 r =
0 2000 4000 6000 8000 0 5000 10000
Time (Sec) Time (Sec)
348
(©)
338 Spiral fin - pure PCM

328

—Vertical
318 <++- Incline(45)
308 A = + Horizontal

Average temperature (K)

0 5000 10000 15000
Time (Sec)

Fig 5.23 Average temperature evolution for spiral fin heat exchangers during solidification
(@) 1% volume GNP (b) 0.5% volume GNP and (c) pure PCM

348

W

=

3
L

Longitudinal fin - 1% vol GNP

(@)

Longitudinal fin - 0.5% vol GNP

(b)

e
=3
e

—Vertical

2 <
Y g
= = .
B - —Vertical
5 328 . = 328
E. <o Incline (45) ’qg. .- Incline (45’)
S 318 = - Horizontal E 318 = - Horizontal
) %
S 308 = 308
- ]
~ =
298 T T 298 T T T
0 2000 4000 6000 0 2000 4000 6000 8000
Time (Sec) Time (Sec)
- 348 Longitudinal fin - pure PCM
-
TE 338 1 (c) —Vertical
= 1N . i
£ 328 Incline (45')
) a\ = + Horizontal
(="
g 318 A
&
= 308 A
b
>
< 298

0 2000 4000 6000 8000
Time (Sec)

Fig 5.24 Average temperature evolution for longitudinal fin heat exchangers during solidification
(@) 1% volume GNP (b) 0.5% volume GNP and (c) pure PCM

66



5.4.2.3 Solidification time

Fig. 5.25, 5.26 and 5.27 shows the solidification time taken to the reduction of 0.25 melt
fraction for radial, spiral and longitudinal finned LHSS till the end of the solidification
process. From 0.75 melt fraction time taken to solidify for every 0.25 melt fraction
increases due to a drop in the temperature difference between HTF and the average
temperature of the NEPCM. It can be noted that at all the intervals of solidification,
solidification time decreased with an increase in the volume fraction of the GNP
nanoparticles. For a considered heat exchanger with the same volume fraction of the GNP
nanoparticles, the spiral-finned heat exchanger has the highest solidification time. It can be
observed that in pure PCM LHSS considered, the time taken to solidify up to 0.25 melt
fraction is less than the time taken to solidify the final 0.25 melt fraction.  During
solidification the maximum solidification time of 10380 seconds is observed in spiral
finned pure PCM LHSS oriented horizontally and a minimum solidification time of 4740
seconds is observed in radial finned 1% GNP LHSS oriented vertically. On comparison
with pure PCM shell and tube heat exchanger which has minimum solidification time, a
minimum of 61.08% and a maximum of 82.23% reduction in solidification time is noted.
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5.4.2.4 Energy release ratio

The released energy by NEPCM is directly proportionate to the variation of initial and
instantaneous NEPCM average temperature. The energy release ratio during solidification
is the energy discharged away by the NEPCM to the maximum energy that NEPCM can
discharge. Fig.5.28, 5.29 and 5.30 illustrates how the energy ratio varies among the radial,
spiral and longitudinal fin heat exchangers considered. From Fig. 5.28, 5.29 and 5.30 it is
possible to divide the energy release ratio into three stages irrespective of the type of fins,
orientation and volume fraction of GNP nanoparticles. It is sensible heat that releases
energy during the initial stages. The material's latent heat capacity releases the energy
during the second stage. The temperature changes very little during this stage despite the
release of a huge amount of energy. The third stage of solidification releases sensible heat,

and the temperature decreases at a slower rate during this stage, which results in a slower

rate of energy dissipation. The energy release ratio during solidification is high for a 45°

inclined heat exchanger irrespective of the type of the fin and volume fraction of GNP
nanoparticles. The maximum energy release ratio of 0.993 is observed in spiral-finned pure

PCM LHSS oriented horizontally and the minimum energy release ratio of 0.976 is
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observed in longitudinal-finned 1% GNP LHSS oriented horizontally. On comparison with
pure PCM shell and tube heat exchanger which has a maximum energy release ratio, a

minimum reduction of 0.3%, and a maximum reduction of 2.31% in energy release ratio is

noted.
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5.4.2.5 Exergy efficiency

An important aspect of solidification is the study of exergy efficiency. Fig.5.31, 5.32 and
5.33 illustrates how exergy efficiency diminishes as solidification progresses in radial
spiral and longitudinal fin heat exchangers. During solidification, NEPCM discharges
energy at a higher temperature than the HTF's outlet temperature, thus resulting in exergy
destruction. At the initial stage of solidification, exergy efficiency is more because of
considerable variation in temperatures of HTF at the inlet and outlet. Fig.5.31, 5.32 and
5.33 illustrates that maximum exergy efficiency and average exergy efficiency are high for
radial heat exchanger for the considered orientation and volume fraction of GNP
nanoparticles. Exergy efficiency during solidification is noted to be high for shell and tube
LHSS oriented at 45 for a particular fin and volume fraction of GNP nanoparticles. For a
particular fin and orientation of the LHSS exergy efficiency increased with an increase in
the volume fraction of GNP nanoparticles. From Fig.5.33 it can be noticed that for the
longitudinal finned heat exchanger, exergy efficiency increased at the final stage of
solidification. This is because, in the end, the average temperature of the PCM decreases
slower than the outlet temperature of the HTF. During solidification, the maximum average
exergy efficiency of 4.55% is observed in radial finned 1% GNP LHSS oriented at 45 and
the minimum average exergy efficiency of 2.06% is observed in longitudinal finned pure
PCM LHSS oriented horizontally.
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5.5 Closure

The thermal performance of the nanoparticle-enhanced phase change materials (NEPCMs)
based shell and tube heat exchanger with radial, spiral and longitudinal fins are analyzed
considering the orientation effect. The volume fractions of GNP nanoparticles considered
are 0, 0.5, and 1%. The orientation angles of the heat exchanger considered are vertical
(90), inclined (45) and horizontal (0). The influence of nanoparticles concentration,
orientation of heat exchanger and fin type on the thermal performance of heat exchangers

is given in terms of average temperature, melt fraction, energy storage/release ratios, and
exergy efficiency.

e Both the melting time and solidification time are affected by the addition of the
nanoparticles and the type of fins used. Orientation of heat exchangers has shown a
significant effect on melting than on solidification. Phase change time decreased with an

increase in the volume fraction of the nanoparticles.
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Melting time is least in the case of the vertically oriented radial fin heat exchanger and
maximum in the case of the spiral fin heat exchanger oriented at 45 for the considered
volume fraction of GNP nanoparticles.

Solidification time is minimum for radial fin heat exchanger and highest for spiral fin
heat exchanger for the considered volume fraction of GNP nanoparticles and orientation
of heat exchanger.

The conductive mode of heat transfer is dominant in radial and spiral fin heat
exchangers. Whereas convection is observed to be dominant for longitudinal fin heat
exchangers.

The average temperature and energy release ratio at the end of solidification is almost
the same for all the considered heat exchangers.

On comparison with pure PCM shell and tube heat exchanger, which has minimum
melting time, a minimum of 12.68% reduction in melting time on the usage of pure
PCM spiral finned heat exchanger inclined at 45 and a maximum of 73.71% reduction
in melting time on the usage of 1% volume GNP radial finned heat exchanger
positioned vertically is noted.

On comparison with pure PCM shell and tube heat exchanger, which has minimum
solidification time, a minimum of 61.08% reduction in solidification time on the usage
of pure PCM spiral finned heat exchanger positioned horizontally and a maximum of
82.23% reduction in solidification time on the usage of 1% volume GNP radial finned
heat exchanger positioned vertically is noted.

On comparison with pure PCM shell and tube heat exchanger which has maximum
energy storage ratio, a maximum 0.4% improvement in energy storage ratio on the
usage of radial finned pure PCM LHSS oriented at 45 and a maximum of 10.28%
reduction in energy storage ratio on the usage of 1% volume GNP radial finned heat
exchanger positioned vertically is noted.

On comparison with pure PCM shell and tube heat exchanger which has a maximum
energy release ratio, a minimum of 0.3% reduction in energy release ratio on the usage
of spiral-finned pure PCM LHSS oriented horizontally and a maximum of 2.31%
reduction in energy release ratio on the usage of longitudinal-finned 1% GNP LHSS

oriented horizontally is noted.
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e During melting, the maximum average exergy efficiency of 72.77% is observed in spiral
finned pure PCM LHSS oriented at 45, and the minimum average exergy efficiency of
44.49% is observed in radial finned 1% GNP LHSS oriented vertically.

¢ During solidification, the maximum average exergy efficiency of 4.55% is observed in
radial finned 1% GNP LHSS oriented at 45 and the minimum average exergy efficiency
of 2.06% is observed in longitudinal finned pure PCM LHSS oriented horizontally.

e A common problem among all the heat exchangers considered is that the average exergy
efficiency during solidification is very low. The maximum average exergy efficiency
value during solidification is observed to be 4.55% for radial fin HX with a 1% volume

fraction of GNP nanoparticles inclined at 45.
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Chapter 6

Effect of metal foam- nanoparticles on the thermal
performance of latent heat storage system

6.1 Introduction

The utilization of metal foam and nanoparticles has shown significant improvement in the
rate of melting and solidification in latent heat storage systems (LHSS). Combined usage
of metal foam and nanoparticles further improves the performance of the LHSS. On
reviewing the literature, it is found that copper metal foam is the most commonly used
metal foam to improve the rate of heat transfer in LHSS and graphene nanoplatelets
(GNPs) nanoparticles were found to show better compatibility with PCMs. Inclination
studies on LHSS have shown contradicting results. Hence, in the present chapter melting
and solidification performance of copper metal in combination with GNP nanoparticle-
enhanced phase change materials (NEPCM) in a shell and tube heat exchanger are
analyzed and a comparison is made. GNPs are selected as nanoparticles in the present
analysis because they lead to a high increase in the thermal conductivity of PCMs.

6.2 Physical model

Optimized geometric parameters from the literature are considered for the heat exchanger
design. Reviewing existing literature on latent heat-based shell and tube heat exchangers,
Kalpala and Devanuri [63] concluded that the tube-to-shell diameter ratio should be nearly
0.25. In the present work, this ratio is considered as 0.254. The length, inner diameter of
the shell, and the tube thickness of the heat exchanger are considered 250mm, 75mm, and
0.8mm respectively. The schematic of the heat exchanger is shown in Fig.6.1. Analysis of
PCM-based shell and tube heat exchanger was carried out by Kalpala and Devanuri [42]
noted that varying mass flow rate of heat transfer fluid has an insignificant effect on the
behaviour of heat exchanger, the flow rate of heat transfer fluid is fixed at 1.4 LPM [29].
Compatibility studies of organic PCMs with different metals carried out by Gaddala and
Devanuri [133] reviled that stainless steel exhibited good resistance towards corrosion so
tube material was considered to be stainless steel. Since lauric acid is suitable for heat

storage applications [133], it was considered in the study. From the literature it is observed
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that copper foam metal foam PCM heat exchangers have shown better performance, so

copper is selected as the metal foam material.

Fig 6.1 Schematic of metal foam + nanoparticles LHSS
6.3 Numerical methodology

6.3.1 Validation

Non-thermal equilibrium approach is used to model the heat transfer interaction between
NEPCM and metal foam. The finite volume method is considered for the computational
domain. For pressure-velocity coupling, the PISO is used. To handle the pressure,
PRESTO methodology is used and a second-order upwind scheme is used for the
discretization of momentum and energy equations. The convergence criteria for continuity,
momentum, and energy equations are kept as 10°, 10°, and 10® respectively. ANSYS

FLUENT is used to solve the governing equations.

To verify the accuracy of the present numerical model, numerical results are compared
with the experimental results of Zhao et al.[84] and with the numerical results of Mahdi et
al.[123][136] .These results are presented in Figs.6.2 and 6.3. The maximum error is within

the reasonable range.
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6.3.2 Grid and time independence

A structured grid for considered heat exchanger is created as shown in Fig.6.4. Grid and

time independence studies are examined by comparing the volume-averaged melt fraction
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of the PCM. Grid sizes considered are 183231, 294963, and 389450. Likewise, time-

independent analysis is carried out with time step sizes of 0.3, 0.5, and 0.7 seconds. From

Fig.6.5 it can be noted that grid independence is achieved for 294963 elements and time

independence is achieved for 0.5 seconds.
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Fig 6.5 (a) Grid and (b) time independence studies

6.4 Results and discussion

6.4.1 Melting

6.4.1.1 Temperature and melt fraction distribution
Figs.6.6, 6.7 and 6.8 shows the temperature and melt fraction distribution contours of 0.97,

0.95 and 0.93 metal foam porosity LHSS at center planes during melting at 1200 sec. From
Figs.6.6, 6.7 and 6.8 it can be noted that the amount of melted NEPCM is more in the heat
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exchanger with 0.93 porosity metal foam and less in the heat exchanger with 0.97 porosity
metal foam. Significant variation in liquid fraction and temperature contours in heat
exchangers is noted in Fig.6.6, 6.7 and 6.8 based on the porosity of metal foam. Similarly
to the melt fraction of the LHSS, the maximum temperature near the HTF tube tends to
increase with a decrease in the porosity of metal foam. This is because, with a decrease in
the porosity of metal foam, the effective thermal conductivity of NEPCM increases. From
Figs.6.6,6.7 and 6.8, it can be noted that unlike in pure PCM heat exchangers, [42][79] hot
PCM is not settled at the top portion of the heat exchanger. Most of the hot PCM is near to
HTF tube. Non-uniform melting in the radial direction when kept in 45 orientation and
horizontally can be observed in melt fraction contours, this is due to the natural convection
effect. But this effect is observed to reduce with a decrease in the porosity of metal foam,
this indicates that with a decrease in the porosity of metal foam convective effect
decreases. But increase in overall heat transfer indicates that the conductive mode of heat
transfer increases with a decrease in metal foam porosity. From Fig.6.6 for 0.97 porosity
metal foam LHSS effect of GNP nanoparticles can be noted from melt fraction contours,
for a particular orientation of the heat exchanger with increase in the volume fraction of
GNP nanoparticles melt fraction tends to decrease. The effect of GNP nanoparticles could
not be interpreted from temperature and melt fraction contours in 0.95 and 0.93 porosity

metal foam heat exchanger.
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6.4.1.2 Average Temperature

Figs.6.9, 6.10 and 6.11 displays the average temperature variation with respect to time for
pure PCM, 0.5% volume GNP and 1% volume GNP LHSS considered. In all the heat

exchangers during the early stage of melting a rapid increase in the temperature is noted.

This is because energy is stored due to sensible heat. In the second stage of melting a

sudden depletion in the rate of temperature is because energy is stored due to latent heat

capacity. At the third and final stage again a rapid rise in the temperature is noted this is
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because at this stage energy is again stored due to sensible heat capacity. Throughout the
melting process irrespective of the volume fraction of GNP nanoparticles and orientation
of the heat exchanger temperature increase rate in 0.95 porosity metal foam heat exchanger
iIs more than 0.97 porosity metal foam heat exchanger. This is because of the high effective
thermal conductivity due to 0.95 porosity metal foam than that of 0.97 porosity metal
foam. The rate of increase in temperature variation is also noted in the case of heat
exchanger with 0.93 porosity metal foam when compared with 0.95 porosity metal foam
heat exchanger, but this change is less when compared with the change in 0.97 to 0.95
porosity metal foam heat exchanger. This is because the increase in the effective thermal
conductivity is more in the case of metal foam with a porosity of 0.97 to 0.95 rather than in
the case of 0.95 to 0.93. But a decrease in porosity from 0.95 to 0.93 resulted in high
suppression of convective effects than that of from 0.97 to 0.95. At the end of melting, the
maximum temperature of 343.5K is observed in pure PCM + 0.97 porosity metal foam
LHSS inclined at 45, minimum temperate of 335K is noted in 1% volume GNP+0.93

porosity metal foam LHSS positioned vertically.
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6.4.1.3 Melting time

Figs. 6.12, 6.13 and 6.14 shows the melting time taken to an increment of 0.25 melt
fraction of 0.97, 0.95 and 0.93 metal foam porosity LHSS till the end of the phase change
process during melting. During the initial stage of melting time to attain a melt fraction
from O to 0.25 is higher than the time to attain a melt fraction from 0.25 to 0.5. This is
because during the initial stage of melting some amount of energy is stored due to sensible
heat, during which NEPCM absorbs energy without melting. Further from a 0.5 melt
fraction time taken to melt for every 0.25 melt faction increases due to a drop in the
temperature difference between HTF and the average temperature of the NEPCM. It can be
noted that at all intervals of melting for a particular volume fraction of GNP nanoparticles
and orientation of LHSS, melting time is minimum for LHSS with 0.93 porosity metal
foam LHSS. It can be noted that at all the intervals of melting variation in the melting time
is more in the case of heat exchangers with 0.95 and 0.97 porosity metal foam than that of
variation in the melting time of heat exchangers with 0.95 and 0.93 porosity metal foam.
This is because the rate of increase in the effective thermal conductivity of NEPCM from

0.97 porosity metal foam to 0.95 porosity metal foam is greater than 0.95 porosity metal
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foam to 0.93 porosity metal foam. A considerable variation in the rate of melting is noted
among the heat exchanger with 0.97 porosity metal foam with varying volume fractions of
GNP nanoparticles, this indicates that the effect of GNP nanoparticles is felt only in the
presence of metal foam with 0.97 porosity. In the case of 0.95 and 0.93 porosity metal
foam heat exchanger increase in effective thermal conductivity due to GNP, nanoparticles
is very less when compared with metal foam. When the volume fraction of GNP
nanoparticles are kept constant, the effect of orientation is felt for all the considered metal
foam porosities. This effect decreases with a decrease in the porosity of metal foam. As
with a decrease in the porosity of metal foam, the effect of the convective mode of heat
transfer decreases. During melting the maximum melting time of 3200 seconds is observed
in pure PCM + 0.97 porosity metal foam LHSS oriented at 45 and a minimum melting time
of 1410 seconds is observed in 1% volume GNP + 0.93 porosity metal foam LHSS
oriented vertically. In comparison with pure PCM shell and tube heat exchanger which has

minimum melting time, a minimum of 50.8% and a maximum of 78.32% reduction in
melting time is noted.
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Fig 6.12 Time taken to reach melt fraction with an interval of 0.25 during melting for 0.97
porosity metal foam LHSS
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6.4.1.4 Energy storage ratio

Figs. 6.15, 6.16 and 6.17 displays the energy storage ratio of pure PCM, 0.5% and 1%
volume fraction GNP nanoparticles LHSS during melting. As discussed in section 4.2.1
procedure of energy storage is divided into 3 stages. The initial stage during which changes
in temperature is very high for less energy absorbed. In the second stage, energy is stored
due to latent heat capacity. During this stage rate of rise in the energy storage ratio is very
high when compared to the other two stages, this can be noted from Figs .6.15, 6.16 and
6.17. In the final stage again energy is stored due to specific heat capacity, as a result, the
rate of energy effectiveness is reduced. At the final stage rate of increase in energy storage
ratio is less than that of the initial stage because of the drop in temperature difference
between HTF and NEPCM. It can also be noted that trend in the energy storage ratio
depends mostly on the porosity of the metal foam used in the heat exchanger rather than
the volume fraction of GNP nanoparticles and orientation of the heat exchanger. During
melting the maximum energy storage ratio of 0.93 is observed in pure PCM + 0.97
porosity metal foam LHSS inclined at 45 and the minimum energy storage ratio of 0.88 is
observed in 1% volume GNP+0.93 porosity metal foam LHSS positioned vertically. In
comparison with pure PCM shell and tube heat exchanger which has a maximum energy
storage ratio, a minimum reduction of 6.25% and a maximum reduction of 11.29% in

energy storage ratio is noted.
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6.4.1.5 Exergy efficiency

Figs.6.18, 6.19 and 6.20 displays the exergy efficiency of pure PCM, 0.5% and 1% volume
fraction GNP nanoparticles LHSS during melting. Exergy efficiency depends upon the
NEPCM average temperature, exit and entrance temperature difference of HTF. The
variation in temperature of entrance and exit of HTF is less, thus it depends significantly
on average NEPCM temperature during melting. As NEPCM average temperature
increases exergy efficiency of LHSS increases. It can be concluded from Figs.6.18, 6.19
and 6.20 that the exergy efficiency of heat exchangers follows the same trend as the
average temperature of NEPCM during melting. As the average temperature of NEPCM
tends to reach the inlet temperature of HTF exergy efficiency tends to increase. During
melting the maximum average exergy efficiency of 54.13% is observed in pure PCM +
0.97 porosity metal foam LHSS oriented at 45 and the minimum average exergy efficiency
of 46.28% is observed in 1% volume GNP + 0.93 porosity metal foam LHSS oriented

vertically.
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6.4.2 Solidification

6.4.2.1 Temperature and melt fraction distribution

Figs.6.21, 6.22 and 6.23 shows the temperature and melt fraction distribution contours of
0.97, 0.95 and 0.93 metal foam porosity LHSS at center planes during melting at 1800 sec.
From Fig.6.21, 6.22 and 6.23 it can be noted that the amount of solidified NEPCM is more
in the heat exchanger with 0.93 porosity metal foam and less in the heat exchanger with
0.97 porosity metal foam. This is because the effective thermal conductivity of NEPCM
increased with a decrease in the porosity of metal foam. A significant variation in melt
fraction contours with varying porosity of metal foam is observed, but from Figs.6.21, 6.22
and 6.23 variation in the temperature contours is insignificant. Irrespective of the angle of
orientation uniformity in temperature and melt fraction contours is noted because the

solidification process is conduction dominant. From Figs.6.21, 6.22 and 6.23 the effect of
the GNP NPs could not be interpreted.
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6.4.2.2 Average Temperature

Figs.6.24, 6.25 and 6.26 displays the variation of average temperature with respect to time

and till the end of the phase change process during solidification. During solidification

trends of average temperature are the same as during melting, except that during

solidification temperature is decreasing. Even in solidification decrease in temperature can

be divided into three stages. This is because of the same mechanism of energy release as

that of the melting process. The trend in the average temperature is noted to depend more

on the metal foam porosity. It is due to an increase in the effective thermal conductivity

with a decrease in the metal foam porosity. During the solidification process even in the
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case of 0.97 porosity metal foam heat exchanger effect of GNP nanoparticles and
orientation is insignificant. At the end of solidification, the maximum temperature of
306.73K is observed in pure PCM + 0.97 porosity metal foam LHSS positioned vertically,

minimum temperate of 304.7K is noted 1% volume GNP+0.93 porosity metal foam LHSS
inclined at 45.,
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Fig 6.24 Average temperature evolution for pure PCM metal foam heat exchangers during
solidification (a) vertical (b) incline (45) and (c) horizontal
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6.4.2.3 Solidification time

Figs.6.27, 6.28 and 6.29 shows the solidification time taken for reduction of 0.25 melt
fraction of 0.97, 0.95 and 0.93 metal foam porosity LHSS till the end of the phase change
process during solidification. During the initial stage of solidification time to attain a melt
fraction from 1 to 0.75 is higher than the time to attain a melt fraction from 0.75 to 0.5.
This is because, during the initial stage of solidification, some amount of energy is released
due to sensible heat, during which NEPCM releases energy without solidification. Further
from a 0.5 melt fraction time taken to solidify for every 0.25 melt faction increases due to a
drop in the temperature difference between HTF and the average temperature of the
NEPCM. It can be noted that at all intervals of melting for a particular volume fraction of
GNP nanoparticles and orientation of LHSS, solidification time is minimum for LHSS with
0.93 porosity metal foam LHSS. It can be noted that at all the intervals of solidification
variation in the solidification time is more in the case of heat exchangers with 0.95 and
0.97 porosity metal foam LHSS than that of variation in the solidification time of heat
exchangers with 0.95 and 0.93 porosity metal foam. This is because the rate of increase in
the effective thermal conductivity of NEPCM from 0.97 porosity metal foam to 0.95
porosity metal foam is greater than 0.95 porosity metal foam to 0.93 porosity metal foam.
A considerable variation in the rate of solidification is noted among the heat exchanger
with 0.97 porosity metal foam with varying volume fractions of GNP nanoparticles, this
indicates that the effect of GNP nanoparticles is felt only in the presence of metal foam
with 0.97 porosity. In the case of 0.95 and 0.93 porosity metal foam heat exchangers, the
increase in the effective thermal conductivity due to GNP nanoparticles is very less when
compared with metal foam. Unlike in melting effect of orientation is not felt during the
solidification process. During solidification, the maximum solidification time of 4000
seconds is observed in pure PCM + 0.97 porosity metal foam LHSS oriented at 45 and
independent of volume fraction of GNP nanoparticles and ordination of LHSS, minimum
melting time of around 2200 seconds is observed in 0.93 porosity metal foam LHSS. In
comparison with pure PCM shell and tube heat exchanger which has minimum
solidification time, a minimum of 85% and a maximum of 91.75% reduction in

solidification time is noted.
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Fig 6.29 Time taken to reach melt fraction with an interval of 0.25 during solidification for
0.93 porosity metal foam LHSS

6.4.2.4 Energy release ratio

Figs.6.30, 6.31 and 6.32 displays the energy release ratio of pure PCM, 0.5% and 1%
volume fraction GNP nanoparticles LHSS during solidification. It can be noted that the
energy release ratio has a similar trend to the energy storage ratio. The three stages in
energy release are the same as that during the melting i,e initial stage during which energy
is released due to sensible heat capacity followed by energy release due to latent heat in the
second stage and final stage energy is released due to sensible heat capacity. It is observed
that variation in the rate of energy release ratio depends upon the porosity of the metal
foam used. A minimum energy release ratio of 0.95 is observed in pure PCM + 0.97
porosity metal foam LHSS positioned vertically, maximum energy release ratio of 0.959 is
noted in 1% volume GNP+0.93 porosity metal foam LHSS inclined at 45. In comparison
with pure PCM shell and tube heat exchanger which has a maximum energy release ratio, a

minimum reduction of 3.22% and a maximum reduction of 4.13% in energy release ratio is
noted.
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6.4.2.5 Exergy efficiency

Figs.6.33, 6.34 and 6.35 displays the exergy efficiency of pure PCM, 0.5% and 1% volume
fraction GNP nanoparticles LHSS during solidification. It can be noted that, unlike the
variation in average temperature, melt fraction and energy release ratio trend of exergy
efficiency during solidification is not similar to the exergy efficiency during melting. At
the initial stage, exergy efficiency is high because the variation in entrance and exit
temperatures of HTF is considerably large. As time progresses exergy efficiency decreases
because NEPCM releases energy at a higher temperature when compared to HTF exit
temperature, thus leading to exergy destruction. On further solidification exergy efficiency
increases since NEPCM average temperature decreases at a slower rate than HTF outlet
temperature decreases. It can be noted that in the heat exchangers with the same porosity of
metal foam and volume fraction of GNP nanoparticles, a 45° oriented heat exchanger has
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higher exergy efficiency. For the same orientation and volume fraction of GNP
nanoparticles, a heat exchanger with 0.93 porosity metal foam has high exergy efficiency.
During solidification, the maximum average exergy efficiency of 10.5% is observed in 1%
volume GNP + 0.93 porosity metal foam LHSS oriented at 45 and the minimum average
exergy efficiency of 4.13% is observed in pure PCM + 0.97 porosity metal foam LHSS

oriented horizontally.
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Fig 6.33 Exergy efficiency of pure PCM metal foam heat exchangers during solidification
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6.5 Closure

In the present study, numerical analysis of nanoparticles enhanced PCM shell and tube heat
exchanger with copper metal foam is carried out considering orientation effect. Numerical
analysis is carried out for both the melting and solidification process. The performance of
the heat exchanger is compared by considering phase change time, energy effectiveness,

and exergy efficiency during melting and solidification.

A decrease in the porosity resulted in a decrease in both melting time and solidification
time. The decrease in phase change time is more when compared with the variation in
porosity of metal foam from 0.97 to 0.95 than the variation in porosity of metal foam
from 0.95 to 0.93.

The energy storage ratio and exergy efficiency during melting decreased with the
decrease in the porosity of the metal foam.

Exergy efficiency during solidification increased with a decrease in the porosity of metal
foam. The orientation effect has also shown a significant effect on the exergy efficiency
during solidification. 45° oriented heat exchangers have shown better exergy efficiency
during solidification.

Among the porosity of metal foam, the orientation of the heat exchanger and volume
fraction of the nanoparticle's performance of the heat exchanger significantly depends
upon the porosity of metal foam.

Heat exchangers with 0.93 porosity metal foam and 1% volume GNP nanoparticles
oriented at 45° have shown better performance than other heat exchangers considered.

On comparison with pure PCM shell and tube heat exchanger which has minimum
melting time, a minimum of 50.8% reduction in melting time on usage of pure PCM +
0.97 porosity metal foam LHSS oriented at 45 and a maximum of 78.32% reduction in
melting time on usage of 1% volume GNP + 0.93 porosity metal foam LHSS oriented
vertically is noted.

On comparison with pure PCM shell and tube heat exchanger which has minimum
solidification time, a minimum of 85% reduction in solidification time on usage of pure
PCM + 0.97 porosity metal foam LHSS oriented at 45 and a maximum of 91.75%
reduction in solidification time on usage of 0.93 porosity metal foam LHSS is noted.
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On comparison with pure PCM shell and tube heat exchanger which has maximum
energy storage ratio, a minimum of 6.25% reduction energy storage ratio on usage of
pure PCM + 0.97 porosity metal foam LHSS inclined at 45 and a maximum of 11.29%
reduction in energy storage ratio on usage of 1% volume GNP + 0.93 porosity metal
foam LHSS positioned vertically is noted.

On comparison with pure PCM shell and tube heat exchanger which has maximum
energy release ratio, a minimum of 3.22% reduction in energy release ratio on usage of
pure PCM + 0.97 porosity metal foam LHSS positioned vertically and a maximum of
4.13% reduction in energy storage ratio on usage of 1% volume GNP+0.93 porosity
metal foam LHSS inclined at 45 is noted.

During melting the maximum average exergy efficiency of 54.13% is observed in pure
PCM + 0.97 porosity metal foam LHSS oriented at 45 and the minimum average exergy
efficiency of 46.28% is observed in 1% volume GNP + 0.93 porosity metal foam LHSS
oriented vertically.

During solidification, the maximum average exergy efficiency of 10.5% is observed in
1% volume GNP + 0.93 porosity metal foam LHSS oriented at 45 and the minimum
average exergy efficiency of 4.13% is observed in pure PCM + 0.97 porosity metal foam

LHSS oriented horizontally.
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Chapter 7

Effect of cascaded metal foam on the thermal
performance of latent heat storage system

7.1 Introduction

The usage of metal foam has shown a significant improvement in the melting and
solidification of phase change materials (PCM). Studying the effect of cascaded metal
foam can help in improving the performance of the latent heat energy storage systems
(LHSS). On reviewing the literature, it is found that copper metal foam is the most
commonly used metal foam to enhance the rate of heat transfer in LHSS. The present study
analyses 0.97, 0.95 and 0.93 porosity copper metal foams cascaded in a radial and linear
direction in shell and tube heat exchangers. Inclination studies on LHSS have shown
contradicting results. Hence, the present chapter analyzes the influence of inclination on
melting and solidification performance of radial and linearly cascaded metal foam in shell

and tube heat exchangers.

7.2 Physical model

Geometric parameters of the heat exchanger are selected considering the optimized
geometric parameters in the literature. Reviewing the literature on latent heat-based shell
and tube heat exchangers [63] concluded that the tube-to-shell diameter should be nearly
0.25. Therefore, in the present work, this ratio is considered 0.254. The heat exchanger
length, shell diameter and tube thickness are regarded as 250mm, 75mm, and 0.8mm,
respectively. The arrangement of the cascaded metal foams is shown in Fig.7.1. [42] noted
that varying volume flow rate of HTF has an insignificant effect on the performance of the
heat exchanger due to which the volume flow rate of heat transfer fluid is taken constant
and fixed at 1.4 LPMJ[29]. Compatibility studies of organic PCMs with different metals
carried out by [133] revealed that stainless steel exhibited better compatibility with the
PCM. So tube material is considered stainless steel. Since Lauric acid is suitable for heat
storage applications, it is considered for the study. Copper is used as the metal foam

material.
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HTFin HTFin

(a) (b)

Fig 7.1 Schematic of (a) radial arrangement and (b) linear arrangement of metal foams in
PCM heat exchanger

7.3 Numerical methodology

7.3.1 Validation

Non-thermal equilibrium approach is used to model the heat transfer interaction between
NEPCM and metal foam. The finite volume method is considered for the computational
domain. For pressure-velocity coupling, the PISO methodology is used. To handle the
pressure PRESTO methodology is used and a second-order upwind scheme is used for the
discretization of momentum and energy equations. The convergence criteria for continuity,
momentum, and energy equations are kept as 10, 10, and 10® respectively. ANSYS

FLUENT is used to solve the governing equations.

To verify the accuracy of the present numerical model, numerical results are compared
with the experimental results of Zhao et al.[84] and with the numerical results of Mahdi et

al.[123][136] .These results are presented in Figs.7.2 and 7.3. The maximum error is within
the reasonable range.
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7.3.2 Grid and time independence

Structured grids for radial cascaded and linear cascaded PCM shell and tube heat
exchanger are created as shown in Fig 7.4. Grid and time independence studies are
examined by considering the volume-average melt fraction of the PCM. The time steps
used in time-independent studies are 0.3, 0.5, and 0.7 seconds. From Figs. 7.5(a) and
7.5(c), time independence is achieved at 0.5 sec for both radial and linear cascaded metal
foam heat exchangers. Grid numbers considered in the radial cascade heat exchanger are
177062, 230642, and 352403. It can be noted from Fig. 7.5(b) grid independence is
achieved for 230642 cells. Similarly, grid numbers for linearly cascaded metal foam heat
exchanger are 138439, 188704, and 260819. It can be noted from Fig. 7.5(d) grid

independence is achieved for 188704 cells.

Metal foam 1+PCM

Metal foam 2+PCM

Metal foam 3+PCM

(b)

Fig 7.4 Grid for computational domains (a) radial arrangement of metal foam (b) linear
arrangement of metal foam
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7.4 Results and discussion

7.4.1 Melting

7.4.1.1 Temperature and melt fraction distribution

Figs.7.6 and 7.7 shows the temperature and melt fraction distribution contours of radial and
linear cascaded metal foam LHSS at center planes during melting at 1200 sec. It is noted
that in the case of the radial arrangement of metal foam, the maximum temperature near
the HTF tube decreased when the metal foam with high porosity is placed adjacent to the
HTF tube. The uniformity in temperature distribution increased from the bottom to top
cross-section in all radially arranged metal foam heat exchangers. In the case of the linearly

arranged metal foam heat exchangers, the maximum temperature is noted in the region of
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the 0.93 porosity metal foam. This maximum temperature decreased with an increase in the
porosity of the metal foam. In linearly arranged metal foam LHSS, more uniformity in
temperature distribution is noted in the 0.93 porosity metal foam region, and this effect is
reduced with an increase in the porosity of the metal foam. This behavior can be inferred
from the increase in the effective thermal conductivity of PCM with a decrease in metal
foam porosity. The effect of inclination could not be clearly inferred from the temperature
distribution contours.

Melt fraction distribution gives more insight into the impact of cascaded metal foam on
thermal transport. In the case of radial cascaded metal foam LHSS, melt fraction is more in
the heat exchanger when 0.93 porosity metal foam is used near the HTF tube and observed
to decrease with an increase in the metal foam porosity near the HTF tube. The decrease in
thermal resistance with the reduction in the metal foam porosity near the HTF tube enables
to transfer of more heat from the HTF to PCM. For a considered orientation of LHSS, the
effective thermal resistance is lowest for radially cascaded 0.93-0.95-0.97 and highest for
linearly cascaded 0.93-0.95-0.97 LHSS. For considered radially cascaded metal foam heat
exchangers, the melt fraction at the top portion is more than the bottom portion, and this is
due to the effect of natural convection. In the case of the linearly arranged metal foams, it
can be noted that the melt fraction is more in the region of 0.93 porosity metal and less in
the zone of the 0.97 porosity metal foam. The effect of orientation is clearly observed from
melt faction contours. Due to natural convection hot liquid PCM tends to settle at the top
portion of the LHSS, thus resulting in uneven melting along the radial direction. The trend
of uneven melting increases with decreasing the orientation of the LHSS. The effect of
natural convection is noted to be less in the region of 0.93 metal foam porosity and highest
in the region of 0.97 porosity. This is because liquid PCM flow obstructions will be more

in 0.93 metal foam porosity and less in 0.97 porosity metal foam.
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at 1200 sec during melting
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7.4.1.2 Average temperature

Figs.7.8 and 7.9 illustrates the average temperature variation during melting in radial and
linear cascaded metal foam LHSS. At the initial melting stage, a rapid temperature increase
is observed. The increase in temperature can be referred to as the absorption of energy due
to sensible heat. In the second stage, a decline in the rate of temperature can be observed as
the energy is absorbed due to latent heat. At the third and final stage, a rapid temperature
increase is noted because energy is again absorbed in the form of sensible heat. From
Figs.7.8 and 7.9 for a particular LHSS, it can be noted that trends in average temperature
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are independent of LHSS orientation. For radially cascaded metal foam heat exchangers,
although the final average temperature is the same in all the cases, the variation in the rate
of increase is due to the difference in their overall effective thermal resistance. The linearly
cascaded metal foam can be noted to attain nearly the same average temperature. This
behavior is observed as the thermal resistance does not vary in the radial direction for the
linearly cascaded metal foam. Based on the variation of average temperature, it can be
noted that heat transport is dominant in the radial direction. At the end of melting, the
maximum average temperature of 347.5K is observed in linearly cascaded 0.95-0.93-0.97
porosity metal foam LHSS inclined at 45, minimum average temperate of 333.3K is noted

radial cascaded 0.95-0.97-0.93 porosity metal foam LHSS positioned vertically.
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7.4.1.3 Melting time
Figs.7.10, 7.11 and 7.12 illustrates the melting time for vertical (90), incline (45) and

horizontal (0) LHSS at an increment of 0.25 melt fraction until melting is complete. During
the initial stage of melting, the time to reach a melt fraction from 0 to 0.25 is higher than
the time to attain a melt fraction from 0.25 to 0.5. As energy is absorbed first in the form of
sensible heat and after attaining the solidus temperature, the PCM starts melting, so the
initial 0.25 melt fraction consumes more time when compared to the later part. Further,
from 0.5 melt fraction time taken to melt every 0.25 melt fraction increased due to a
decrease in the difference between HTF temperature and average PCM temperature. It can
be noted that melting time is less in the case of radially cascaded metal foam heat
exchangers, and the least melting time is noted for 0.93-0.95-0.97 metal foam LHSS,
where the porosity of metal foam increased in the radial direction. In the case of linearly
arranged porous media, although the PCM has melted in the region of 0.93 very early, the
melting rate in the 0.97 porosity metal foam region is very low, resulting in an overall
increase in the melting time. In radial cascaded LHSS for a considered heat exchanger, the
least melting time is noted to be observed in vertically (90) oriented heat exchanger and
highest for horizontally (0" oriented heat exchanger. In linearly cascade LHSS for a
considered heat exchanger, the least melting time is noted to be observed in vertically (90)
oriented heat exchanger and highest for inclined (45) oriented heat exchanger. During
melting the maximum melting time of 3000 seconds is observed in linear cascaded 0.93-
0.95-0.97 porosity metal foam LHSS oriented at 45 and a minimum melting time of 1550
seconds is observed in radial cascaded 0.93-0.95-0.97 porosity metal foam LHSS oriented
vertically. In comparison with pure PCM shell and tube heat exchanger which has
minimum melting time, a minimum of 53.88% and a maximum of 76.17% reduction in

melting time is noted.

120



0557

L6°0-60-€6"0

0507

£6'0-L60-€6°0

0017

£6°0-L6'0-56'0

(11314

L6'0-6'0-S6'0

0S1T

$6'0-€6'0-L60

0027

£6'0-56'0-L6°0

01

0891

L6°0-56'0-6°0

56'0-L6'0-60

dddddddd

0SLT

£6°0-L6'0-56°0

0091

L6'0°£6°0-6°0

0S17

56'0-€6'0-L60

0012

£6°0-56'0-L6"0

Linear

Radial

3000

2000 -

il

1000 -

(938) aug,

Fig 7.10 Time taken to reach melt fraction with an interval of 0.25 during melting for

vertically oriented cascaded metal foam LHSS

4000

000 M LEOSEIE60
00£7 M S60-L6 160
0567 M SI-LETSED
%]
i =
0067 M L60-€60-560 =
05h2 M S60-€60-L60
0557 M £6°0-56'0-L6°0
00L1 M L6056 160
0061 M S60-L6 160
0002 m S60-L60560 =
_ 3
0081 7 m L60-E60S60 &
057 M $6'0-660-L6°0
00r7 M £6°0-56'0-L6°0
=] (=] [—] (=]
=] (=] =]
=] =] <
o0 (3] —
(29g) awy,

Fig 7.11 Time taken to reach melt fraction with an interval of 0.25 during melting for

inclined (45) cascaded metal foam LHSS

121



4000
=)
= &
g o~
3000 1 = o g g 7 <o g
u - = - S “a
[ - o - =
=) w =
w G
- =) ™ = =
o — o uw
&) =
z
o 2000 -
E
o
1000 -
0 . 1 |1
[sg) w, | () u — [ag) uw — [ag) u, |l
& < < < ) et o < & ot < <
e < < < < < < e < < < <
W, [ o) o~ - v, W ) o —~ - W)
-t ot = ] ] ot & ] & ot ) =
s < < < < < < s < < < <
~ — Wy wy o) o I —~ v, v, e o
) < < ) ) < < ) ) < i) )
= = = = = = = = = = = =
Radial Linear

Fig 7.12 Time taken to reach melt fraction with an interval of 0.25 during melting for
horizontally oriented cascaded metal foam LHSS

7.4.1.4 Energy storage ratio

Figs. 7.13 and 7.14 shows the energy storage ratio of radial and linear cascaded meal foam
heat exchanger during melting. The energy storage ratio depends upon the average
temperature of the LHSS, thus it can be observed that trend of the energy storage ratio
follows the trend of average temperature. Similar to that of average temperature, the energy
storage ratio can also be divided into three stages. The initial stage during which changes
in temperature are very high for less energy absorbed. In the second stage, energy is stored
due to latent heat capacity. During this stage rate of rise in the energy storage ratio is very
high when compared to the other two stages, this can be noted from Figs. 7.13, 7.14 and
7.15. In the final stage again energy is stored due to specific heat capacity, as a result, the
rate of energy storage ratio is reduced. The energy storage ratio is less in radial cascaded
metal foam heat exchangers because the final average temperature is less in radial cascaded
metal foam heat exchangers. It can be noted that the variation in energy storage ratio
among the radial cascaded metal foam heat exchangers and linearly cascaded metal foam

heat exchangers are less than 5% for the same orientation of heat exchanger; this is due to
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less variation in the final average temperature among radial and linearly cascaded heat
exchangers. This infers that the energy stored depends on the cascading type rather than the
metal foam order. During melting the maximum energy storage ratio of 0.96 is observed in
linearly cascaded 0.95-0.93-0.97 porosity metal foam LHSS inclined at 45 and the
minimum energy storage ratio of 0.88 is observed in radial cascaded 0.95-0.97-0.93
porosity metal foam LHSS positioned vertically. In comparison with pure PCM shell and
tube heat exchanger which has a maximum energy storage ratio, a minimum reduction of

3.22% and a maximum reduction of 11.29% in energy storage ratio is noted.
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7.4.1.5 Exergy efficiency

Figs.7.15 and 7.16 displays the exergy efficiency of radial and linear cascaded LHSS
during melting. Exergy efficiency relies upon the PCM average temperature, outlet and
inlet temperature difference of the HTF. Since there is less temperature variation between
the outlet and inlet of the HTF, the exergy efficiency depends primarily on the PCM's
average temperature. Therefore with the increase in PCM average temperature, the exergy
efficiency of the heat exchanger increases. From Figs.7.15 and 7.16, it can be viewed that
the exergy efficiency of LHSS follows the same trend as the average temperature of PCM.
During melting the maximum average exergy efficiency of 62.31% is observed in linearly
cascaded 0.93-0.97-0.95 porosity metal foam LHSS oriented at 45 and the minimum
average exergy efficiency of 45.04% is observed in radial cascaded 0.97-0.93-0.95 porosity
metal foam LHSS oriented vertically.
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Fig 7.15 Exergy efficiency of radially cascaded metal foam heat exchangers during melting
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7.4.2 Solidification

7.4.2.1 Temperature and melt fraction distribution

Figs.7.17 and 7.18 show the temperature distribution contours of radial and linear metal
foam cascaded LHSS at the center plane of the heat exchanger during solidification at 1800
sec. During solidification, the initial temperature of the PCM is considered 353 K, and the
HTF at 298 K is made to flow through the tube. Fig.7.17 shows that the temperature is
lower for the arrangement with less porosity near the tube. In the case of the linearly
arranged metal foam heat exchanger, the temperature contours follow a similar trend and
need further investigation to understand the influence of metal foam arrangement along the
length of the heat exchanger. For the considered cases, the uniformity in temperature
distribution increased from the bottom to the top cross-section. Also, due to a larger
temperature gradient between the HTF inlet and PCM at the bottom, a lower temperature is
observed at the bottom sections. As this gradient decreases along the length of the heat
exchanger, more uniformity is observed in the upper section. The effect of inclination
could not be clearly inferred from the temperature distribution contours.

Melt fraction distribution from Figs.7.17 and 7.18 gives more insight into the effect of
cascaded metal foam. From the figure, a non-uniformity in melt fraction distribution to the
temperature distribution can be noted. In the case of radial cascaded metal foam, melt
fraction is less in a heat exchanger with 0.93 porosity metal foam near the HTF tube, and
this increased with the increase in the porosity of metal foam near the HTF tube. Due to
less thermal resistance near the HTF tube, more heat is transferred from the PCM to the
HTF. In all radial cascaded metal foam heat exchangers, the melt fraction at the top portion
is more than the bottom portion due to the settlement of the hot PCM at the top portion of
the heat exchanger due to buoyancy force. In the case of the linearly arranged metal foams,
it is noted that the melt fraction is less in the region of 0.93 porosity metal foam and more
in the region of 0.97 porosity metal foam. The increase in effective thermal conductivity
with the decrease in porosity improved thermal transport and decreased melt fraction.
Although the solidification process is conduction-dominant, the effect of orientation can be
noted from melt fraction contours due to the settlement of hot PCM on the top portion of
the heat exchanger. Since solidification is conduction-dominant, uneven solidification

along the radial direction is very less than uneven melting. The trend of uneven
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solidification increased with decreasing the orientation of the LHSS and an increase in the
metal foam porosity.
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Fig 7.17 Temperature and melt fraction contours of radial cascaded metal porosity heat
exchanger at 1800 sec during solidification
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Fig 7.18 Temperature and melt fraction contours of linear cascaded metal porosity heat
exchanger at 1800 sec during solidification
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7.4.2.2 Average temperature

Figs.7.19 and 7.20 illustrates the average temperature variation of radial and linear
cascaded metal foam LHSS with respect to time. During solidification, the trends for
average temperature variation are similar to that of melting. The difference is that during
the solidification, temperature decreases. For solidification, the temperature decrease can
be divided into three stages, similar to the melting process. This is because of the same
energy release mechanism as in the melting process. In all the heat exchangers' effect of
orientation is not felt until the second stage of solidification. During the final stage of
solidification, the hot PCM which is settled at the top gets solidified. This amount of PCM
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varies with inclination, thus resulting in variation in average temperature with the
orientation of the heat exchanger. At the end of solidification, the maximum temperature of
308K is observed in radial cascaded 0.97-0.93-0.95 porosity metal foam LHSS positioned
horizontally, minimum temperate of 302.38K is noted in linearly cascaded 0.93-0.97-0.95
porosity metal foam LHSS inclined at 45.
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Fig 7.19 Average temperature evolution for radial cascaded metal foam heat exchangers
during solidification
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7.4.2.3 Solidification time

Figs.7.21,7.22 and 7.23 illustrates the solidification time for the decrease in 0.25 melt
fraction interval till the end of solidification of vertical (90), incline (45) and horizontal (0)
LHSS. During solidification, the trends for melt fraction variation are similar to that of
melting. The difference is that during the solidification, the melt fraction decreases. During
the initial stage of solidification, the time to reach a melt fraction from 1 to 0.75 is higher
than the time to reach a melt fraction from 0.75 to 0.5. This is because, during the initial
stage, some amount of energy is released due to the sensible heat of PCM, where the PCM
releases energy without solidification. Further, from 0.5 melt fraction, the time taken to
solidify every 0.25 melt fraction increases due to the decrease in the temperature difference
between HTF and the average temperature of the PCM. It can be observed that the
solidification time is less in the case of radially cascaded metal foam heat exchangers.
During solidification, the maximum solidification time of 4000 seconds is observed in
linearly cascaded 0.97-0.95-0.93 porosity metal foam LHSS oriented horizontally and a
minimum melting time of around 2200 seconds is observed in radial cascaded 0.93-0.95-
0.97 porosity metal foam LHSS oriented vertically. In comparison with pure PCM shell
and tube heat exchanger which has minimum solidification time, a minimum of 85% and a

maximum of 91.7% reduction in solidification time is noted.
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7.4.2.4 Energy release ratio

Figs.7.24 and 7.25 shows the energy release ratio of radial and linear cascade metal foam
heat exchangers during solidification. The energy released depends upon the average
temperature of the LHSS. Thus it can be observed that trend of the energy release ratio
follows the trend of average temperature. Similarly to that of average temperature, the
energy release ratio can also be divided into three stages. The initial stage during which
changes in temperature are very high for less energy released. In the second stage, energy
is stored due to latent heat capacity. During this stage rate of rise in the energy release ratio
is very high when compared to the other two stages, this can be noted from Figs .7.24 and
7.25. In the final stage again energy is released due to specific heat capacity, as a result, the
rate of energy release ratio is reduced. It can be noted that the variation in energy release
ratio among the radial cascaded and linearly cascaded metal foam heat exchangers is less
than 2% for the same orientation. This infers that the energy released has less influence on
the metal foam cascading type and placement order. At the end of solidification, a
minimum energy release ratio of 0.93 is observed in radial cascaded 0.97-0.93-0.95

porosity metal foam LHSS positioned horizontally, maximum energy release ratio of 0.97
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is noted in linearly cascaded 0.93-0.97-0.95 porosity metal foam LHSS inclined at 45. In
comparison with pure PCM shell and tube heat exchanger which has a maximum energy
release ratio, a minimum reduction of 2.11% and a maximum reduction of 6.15% in energy

release ratio is noted.
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Fig 7.24 Energy release ratio of radially cascaded metal foam heat exchangers during
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Fig 7.25 Energy release ratio of linearly cascaded metal foam heat exchangers during
solidification

140



7.4.2.5 Exergy efficiency

Fig.7.26 and 7.27 illustrates the exergy efficiency of radial and linear cascaded LHSS
during solidification. At the initial stage, exergy efficiency is high as the difference
between the inlet and outlet temperatures of the HTF is high. As time progresses, exergy
efficiency decreases because PCM releases energy at a temperature higher than the HTF
outlet, resulting in exergy destruction. Further, with time the exergy efficiency in linearly
cascaded heat exchangers (with 0.97 porosity metal foam near the outlet) and radial
cascaded heat exchangers starts increasing due to the increase in the HTF outlet
temperature than the average temperature of the PCM. But for other heat exchangers, a
rapid decrease in the exergy efficiency can be noted with time during solidification; this is
because the increase in HTF's outlet temperature is much less than the average PCM
temperature. For radially arranged metal foam heat exchangers, the exergy efficiency is
less with 0.97 porosity metal foam near to HTF tube and for linearly cascaded metal foam,
the exergy efficiency is minimum for the heat exchanger, with an increase in metal foam
porosity from the top to bottom. For a considered heat exchanger, inclined (45) LHSS has
the highest exergy efficiency and horizontal (0) LHSS has the least exergy efficiency.
During solidification, the maximum average exergy efficiency of 9.22% is observed in
radial cascaded 0.93-0.95-0.97 porosity metal foam LHSS oriented at 45 and the minimum
average exergy efficiency of 4.39% is observed in linear cascaded 0.97-0.95-0.93 porosity
metal foam LHSS oriented horizontally.
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Fig 7.26 Exergy efficiency of radially cascaded metal foam heat exchangers during solidification
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Fig 7.27 Exergy efficiency of linearly cascaded metal foam heat exchangers during solidification
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7.5 Closure

In the present study, numerical analysis of phase change material (PCM) based shell and
tube heat exchanger with linearly and radially cascaded copper metal foams considering
orientation effect is performed. A comparison of the heat exchanger's performance is
carried out by considering phase change time, energy stored and released ratios and exergy

efficiency. Based on the study, the following conclusions are drawn.

In radial cascaded metal foam heat exchangers, the heat exchanger oriented vertically in
which metal foams are placed in the order of 0.93-0.95-0.97 porosity from HTF to shell
has the least melting and solidification duration of 1550 and 2200 seconds, respectively.
The energy storage ratio depends upon the metal foam cascading type rather than the
metal foam order, whereas the energy release ratio is independent of the type of
cascading and order of the metal foam.

During melting linear arrangement of the metal foams has shown better exergy
efficiency. The maximum average exergy efficiency of 61.8% is observed for 0.97-0.93-
0.95 porosity metal foam placed linearly.

During solidification, the radial arrangement of the metal foams has given better exergy
efficiency. Maximum average exergy of 8.13% is observed for 0.93-0.95-0.97 porosity
metal foam placed in a linear manner oriented horizontally.

On comparison with pure PCM shell and tube heat exchanger which has minimum
melting time, a minimum of 53.88% reduction in melting time on linear cascaded 0.93-
0.95-0.97 porosity metal foam LHSS oriented at 45 and a maximum of 76.17% reduction
in melting time in radial cascaded 0.93-0.95-0.97 porosity metal foam LHSS oriented
vertically is noted.

On comparison with pure PCM shell and tube heat exchanger which has minimum
solidification time, a minimum of 85% reduction in solidification time on the usage of
radial cascaded 0.93-0.95-0.97 porosity metal foam LHSS oriented vertically and a
maximum of 91.7% reduction in solidification time on the usage of linearly cascaded
0.97-0.95-0.93 porosity metal foam LHSS oriented horizontally is noted.

On comparison with pure PCM shell and tube heat exchanger which has a maximum

energy storage ratio, a minimum of 3.22% reduction energy storage ratio on the usage of
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linearly cascaded 0.95-0.93-0.97 porosity metal foam LHSS inclined at 45 and a
maximum of 11.29% reduction in energy storage ratio in radial cascaded 0.95-0.97-0.93
porosity metal foam LHSS positioned vertically is noted.

On comparison with pure PCM shell and tube heat exchanger which has a maximum
energy release ratio, a minimum of 2.11% reduction in energy release ratio on usage of
linearly cascaded 0.93-0.97-0.95 porosity metal foam LHSS inclined at 45 and a
maximum of 6.15% reduction in energy release ratio on usage of radial cascaded 0.97-
0.93-0.95 porosity metal foam LHSS positioned horizontally is noted.

During melting, the maximum average exergy efficiency of 62.31% is observed in
linearly cascaded 0.93-0.97-0.95 porosity metal foam LHSS oriented at 45 and the
minimum average exergy efficiency of 45.04% is observed in radial cascaded 0.97-0.93-
0.95 porosity metal foam LHSS oriented vertically.

During solidification, the maximum average exergy efficiency of 9.22% is observed in
radial cascaded 0.93-0.95-0.97 porosity metal foam LHSS oriented at 45 and the
minimum average exergy efficiency of 4.39% is observed in linear cascaded 0.97-0.95-

0.93 porosity metal foam LHSS oriented horizontally.
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Chapter 8

Prediction of transient melt fraction in metal foam -
nanoparticle enhanced PCM hybrid shell and tube heat
exchanger: A machine learning approach

8.1 Introduction

Machine learning models are used to predict the performance of thermal systems. Melt
fraction at any instant in the PCM-based heat exchanger gives a good insight into thermal
performance. The prediction of melt fraction during melting and solidification saves a good
amount of computational time. Therefore in the present work, transient variation of melt
fraction in shell and tube heat exchanger is considered for prediction. On analyzing various
hybrid techniques used to enhance the thermal performance of LHSS, it was found that the
usage of metal foam + GNP nanoparticles showed better performance. So in the current
work, machine learning models are used to predict the melt fraction in metal foam + GNP
nanoparticles enhanced shell and tube LHSS. Numerical simulations are carried out on
hybrid metal foam and GNP NPs enhanced PCM shell and tube heat exchanger.
Orientation angles of 0° 30° 45° 60% and 90° metal foam with 0.97, 0.95, and 0.93
porosity and 0% (pure PCM), 0.5% volume, and 1% volume GNP NPs are considered in
the present work. Numerical simulations are carried out for both melting and solidification.
A total of 90 simulations are carried out considering the 3D domain, of which 45 are for
melting and 45 are for the solidification process. Data from these simulations are used to
train, cross-validate, and test the ML models. Individual ML models are modeled for the
melting and solidification processes. In the present study, LR, SVR, K-NN, and XGB
algorithms are considered to predict the variation of melt fraction.

8.2 Machine learning methods

In the present study, the melt fraction of PCM enhanced with metal foam and nanoparticles
in a shell and tube heat exchanger is predicted using different ML models and their results
are compared. The working principles of different ML algorithms are discussed in this

section.
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8.2.1 Linear Regression (LR):

LR comes under the supervised linear ML predictive model. It is the simplest ML
algorithm. The correlation between dependent (y) and independent (x) parameters is

represented as follows.
y =+ Xity & X; (8.1)

Where ‘m’ is the number of independent parameters and ‘ai’ are the weights of respective
parameters. MSE (mean square error) value is considered as the cost function which has to
be minimized to build robust ML models. The error term is given in Eqn.8.2 and the

geometric representation of the LR model is shown in Fig.8.1 (a).

1
MSE = -3 (y: — ¥{)? (8.2)
Where ‘n’: number of data points, ‘yi’: observed value, ‘yi*’: predicted values

8.2.2 Support Vector Regression (SV regression)

Support Vector (SV) regression comes under the supervised linear ML predictive model.
Unlike the LR model, the weights of the parameters are not obtained by minimizing the
MSE. Here the cost function is the L2-normalization of coefficients of the predicted
correlation. This should be minimized simultaneously with the error term. The error term is
set to have an absolute value less than or equal to a specified margin. Normalization and
error constrain equations are specified in Eqns. 8.3-8.7. The magnitude of the error
constraint is the hyperparameter. Fig.8.1 (b) shows the geometric intuition of SV

regression.
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Fig 8.1 Geometric representation of (a) LR model and (b) SVR model

Where ‘x’ is independent variable and ‘y’ is dependent variable

y=Xwix;+b (8.3)
The cost function is given as

Wl + € By (s + 1) (84)
Constraints
Yi—wx;—b<e+mn (8.5)
wx; +b—y; <e+n (8.6)
nimi” =0 (8.7)

‘n;’ 1s the magnitude of deviation from the margin, ‘wi’ is the coefficient, ‘b’ is the y-

intercept, ‘e’ 1s the specified margin.
8.2.3 XGBoost (XGB) regression

XGB is a decision tree (DT) ensemble-based ML predictive algorithm. Ensemble models
combine several models either by using bagging or boosting techniques. In the bagging
method, sample datasets are selected randomly. Using these sample datasets multiple DTs
are built. Here boosting weights are assigned to randomly selected data sets. The
miscalculated data is given more weight, this enables the model to have more focus on

miscalculated values. In gradient boosting instead of assigning weights, the new model is
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trained considering the residual error of the previous model. XGB uses gradient-boosted
DTs. The flowchart of XGB is shown in Fig.8.2.

Training
data set

AR N

Tree 1 Tree 2 Tree n
v esidual 1 { Residual 2 esidual n-1}
f1(x) f2(%) fr-1(%) fn(X)

i fr ()
k=1

Fig 8.2 Representation of XGB

8.2.4 K Nearest Neighbors (K NN) regression

It is a non-supervised ML algorithm. It stores all the data available and predict the output
based on the distance similarity. It is being used in statistics and the recognition of patterns.
In this method, the average of K at the nearest neighbors is calculated. In another approach,
weights are assigned based on the magnitude of the distance function. The distance
functions are given in Egns.8 and 9. In this predictive model, K is the hyperparameter. A

schematic representing the K NN model is given in Fig.8.3.

Manhattan distance between two points is given as

Yiy 121 = x4 (8.8)

Minkowski distance between two points is given as
1/p
(B 1 (xq — x2:DP) (8.9)
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If p=2 then it is termed Euclidean distance.

Where ‘k’ is the dimension of the data set and ‘p’ is a positive integer.

« - Original data points

°© . K=3
L]
e Test data point

r 3
v

Fig 8.3 Geometric representation of K NN model

8.3 Problem description

8.3.1 Problem geometry

Optimized geometric parameters from the literature are considered for the design of the
heat exchanger. On reviewing existing literature (Kalpala and Devanuri [63]) related to
latent heat-based shell and tube heat exchanger it is concluded that the ratio of the tube to
shell diameter should be nearly 0.25. In the present work, this ratio is considered as 0.254.
The dimensions of the shell and tube heat exchanger considered in the present work are
given in Table 1. The 3D CAD model of the metal foam + GNP NP heat exchanger is
shown in Fig.8.4. Kalpala and Devanuri [42] concluded that varying flow rate of HTF has
a negligible effect on the performance of the heat exchanger. On referring to studies carried
out by Gaddala and Devanuri [133] tube material is considered to be stainless steel. Since
lauric acid is suitable for heat storage applications [133], it is considered in the study. The
properties of lauric acid [134] are listed in Table 2. From the literature [137][138] it is
observed that copper foam metal foam PCM heat exchangers have shown better

performance so in the present study copper is selected as the metal foam material.
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Fig 8.4 Schematic of LHSS

8.4 Results and discussion

To create a good machine learning (ML) model which can predict the melt fraction of the
metal foam - NP enhanced PCM shell and tube heat exchanger, 70% of the numerical
simulation data is used to train the ML model, 20% of the data is used to cross-validate the
results and 10% of the data is used to test the ML model created. LR, SV regression, XGB,
and K NN regression ML predictive algorithms are used and their compatibility for the
PCM shell and tube heat exchanger problem is compared. Prediction of the transient melt
fraction using ML models enables us to save computational time. Data collection, data
preparation, and ML model formulation are the three steps involved and are shown in
Fig.8.5.
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Fig 8.5 Flow chart for the step-by-step procedure of ML model formulation

Step 1: Data is collected by carrying out numerical simulations for melting and
solidification of PCM enhanced with the combination of metal foam - NPs in a shell and
tube heat exchanger. The porosities of metal foam used in the study are 0.97, 0.95 and
0.93. Volume fractions of the NPs considered are pure PCM (0%), 0.5%, and 1%. The
simulations are carried out considering the inclination effect of the heat exchanger (0°, 30°,
45°, 60°, and 90°). Here 90 represents the vertical and O represents the horizontal positions
of the heat exchanger. A total of 90 simulations are carried out, of which 45 simulations
are for melting and 45 simulations are for solidification. Separate ML models are

developed for melting and solidification.

Fig.8.6 illustrates the final melting time of the considered heat exchangers. It can be
observed that among the three factors considered porosity of metal foam has a major effect
during melting. The usage of metal foam enhances the effective thermal conductivity of
PCM, this increases with the decrease in the porosity of metal foam. It can be observed that
heat exchanger with 0.93 metal foam has the least melting time. From Fig.8.6 vertically
oriented heat exchanger also shows the least melting time for all the considered cases. GNP

NPs have a less significant impact in the presence of 0.93 and 0.95 porosity metal foam
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when compared to 0.97 metal foam. In the case of 0.97 porosity metal foam with the
increase in the volume fraction of GNP NPs melting time decreased. Due to the influence

of convective strength, the effect of heat exchanger orientation is felt with 0.97 porosity

metal foam.
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" | | |
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Fig 8.6 Final melting time time of metal foam and GNP nanoparticle heat exchanger

Fig.8.7 shows the final solidification time during solidification in metal foam and GNP
NPs enhanced PCM shell and tube heat exchanger. It can be observed that among the three
factors considered porosity of metal foam has a major effect on the solidification as noted
for melting. The metal foam with 0.93 porosity has less solidification time and the 0.97
porosity metal foam heat exchanger in Pure PCM has the highest solidification time.
During solidification, a considerable effect of NPs and inclination can be observed only in

the presence of metal foam with 0.97 porosity.
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Fig 8.7 Final solidification time of metal foam and GNP nanoparticle heat exchanger

Step 2: The data of each simulation is divided into two parts i.e. input part and the output
part based on the melt fraction. During melting the input part is from 0 to 0.3 melt fraction
and the output part is from 0.3 to 1 melt fraction. During solidification, the input part is
from 1 to 0.7 melt fraction and the output part is from 0.7 to 0 melt fraction. The separation

of the data is represented in Figs.8.8 and 8.9.

Using the curve fitting technique two separate third-order equations are generated for the
input part and the output part of the melt fraction variation with time for both melting and
solidification. During melting the coefficients of the equation for melt fraction variation
from 0 to 0.3 are input parameters and during solidification, the coefficients of the equation
for melt fraction variation from 1 to 0.7 are input parameters. During melting the
coefficients of the equation for melt fraction variation from 0.3 to 1 are output parameters
and during solidification, the coefficients of the equation for melt fraction variation from
0.7 to 0 are output parameters. The porosity of the metal foam, the orientation of the heat
exchanger, and the volume fraction of GNP NPs are also considered the input parameters

of the ML model. The schematic of input and output parameters is represented in Fig.8.10.
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Fig 8.8 Variation of melt fraction with time during melting
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Fig 8.9 Variation of melt fraction with time during solidification
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Fig 8.10 Representation of input and output parameters of data
Where

e A B, C,and D are coefficients of curve fit equations for input data.

e 3, b, candd are the coefficients of the output data equation.

Step 3: The data set is divided into three parts. One part is to train the model which
contains 70% of the data and another part which contains 20% of the data is used to cross-
validate with the trained model. Rest 10% of the data is used to test the ML model created.
The hyperparameters of the ML models have been adjusted such that the cost function of

both the training and cross-validation data sets is nearly equal.

Fig.8.11 shows the test data results of the melting process. It can be noted from Fig.
8.11(a) that the XGB ML model has shown the highest deviation, this indicates that the
XGB model is exhibiting overfitting. From Figs.8.11 (c) (d) and (e) the results of SV
regression is also deviating from the actual regression result. Table 8.1 shows the
comparison of the final melting time obtained from ML models with melting time obtained
from simulations and the error percentage of the predicted result from ML models with
simulations results. LR model is showing reasonable error in all the output cases. A
maximum error of 18.8% is observed with the XGB model in the case of 0.97 porosity
with 1% volume GNP oriented horizontally. This indicates that model is overfitting, due to
this XGB model cannot be used to predict the melt fraction in the shell and tube heat
exchanger. Although the predicted results from the K NN models have shown reasonable
error, the maximum error in the case of 0.93 porosity with pure PCM oriented vertically is
6.8%. This indicates that the LR model is better than the K NN model. It can be noted that
like the XGB model, the SV regression model also exhibited the overfitting problem due to

which the maximum error of 10.16% is observed in the case of 0.97 porosity with 1%
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volume GNP oriented at 30°. Based on the details it can be concluded that the LR model

has predicted better during the melting process.

Fig.8.12 shows the results of the test data for the solidification process. It can be noted
from Fig.8.12 (e) that the SV regression ML model has shown the highest deviation. Table
8.2 shows the comparison of the final solidification time obtained from simulations with
ML models. Also, the error percentage of the predicted result from the ML model with the
results of the simulation is given. During solidification, all the ML models predicted the
melt fraction with acceptable error, but the SV model has consistently shown the highest
error. This indicates that the SV regression model is suffering from under fitting effect

during solidification.

Considering both the melting and solidification process, the LR ML model is not affected
either by the overfitting or underfitting effect and predicted the trends of melt fraction with
reasonable error. So, the LR model can be considered to be the best ML model to predict
the trend of melt fraction and total melting and solidification time for a PCM-based shell

and tube heat exchanger with NP and metal foam.

Table 8.1 Final melting time of test cases

HEAT Final Final Final Final Final melting
EXCHANGER melting melting time | melting time | melting time time (sec)
configuration time (sec) (sec) (sec) (sec) SV
Simulation LR XGB K NN regression
prediction prediction prediction prediction
(error) (error) (error) (error)
0.97 porosity — 2750 2675 2232.6 2698.3 2611.9
1% vol GNP (2.7%) (18.8%) (1.8%) (5.02%)
-0°
0.95 porosity - 1800 1733.5 1713.7 1685.2 1775.6
0.5% vol GNP (3.69%) (4.7%) (6.3%) (1.3%)
- 45°
0.93 porosity — 1450 1438.4 1351.3 1482.9 1485.6
pure PCM (0.8%) (6.8%) (2.2%) (2.4%)
- 90°
0.97 porosity — 2650 2611.8 2648.5 2611.9 2380.7
1% vol GNP (1.4%) (0.05%) (1.4%) (10.1%)
- 30°
0.93 porosity - 1500 1574.6 1505.1 1503.6 1488.7
1% vol GNP (4.9%) (0.3%) (0.2%) (0.7%)
- 60°
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Fig 8.11 Predicted melt fraction trends using ML models during melting
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Fig 8.12 Predicted melt fraction trends using ML models during solidification
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Table 8.2 Final solidification time of test cases

HEAT Final Final time Final Final Final
EXCHANGER | solidification | solidification | solidification | solidification | solidification
configuration time (sec) (sec) time (sec) time (sec) time (sec)

Simulation LR XGB K NN SV
prediction prediction prediction regression
(error) (error) (error) prediction

(error)

0.97 porosity — 3650 3665.4 3652.3 3679.1 3595.4

1% vol GNP (0.4%) (0.06%) (0.7%) (1.4%)
-0°

0.95 porosity - 2650 2570.7 2572.8 2577.1 2528.9

0.5% vol GNP (2.9%) (2.92%) (2.7%) (4.5%)
- 45°

0.93 porosity — 2200 2190.1 2156 2200 2092.3

pure PCM (0.4%) (2%) (0%) (4.8%)
- 90°

0.97 porosity — 3750 3680.6 3681.8 3679.1 3597.9

1% vol GNP (1.81%) (1.82%) (1.8%) (4.05%)
- 30°

0.93 porosity - 2250 2169.6 2201.6 2187.7 2155.9

1% vol GNP (3.5%) (2.1%) (2.7%) (4.1%)
- 60°

8.5 Closure

e Melting and solidification time got reduced with the reduction in the porosity of the

metal foam. The rate of decrease in the melting and solidification is more when the

porosity of the metal foam is changed from 0.97 to 0.95 to that of change in

porosity from 0.95 to 0.93 for all the volume fractions of the GNP NPs and

orientations of the heat exchanger.

e The effect of the GNP nanoparticles is only felt in the presence of 0.97 porosity

metal foam for all the considered volume percentages of GNP.

e When both the volume fraction of GNP and porosity of metal foam are kept

constant, a vertically oriented heat exchanger has shown less melting time. The
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least melting time is noted in the case of a vertically oriented heat exchanger with
1% volume GNP and 0.93 porosity metal foam.

During solidification, the effect of orientation has the least effect in all heat
exchangers and the effect of GNPs is felt in the presence of 0.97 porosity metal
foam.

LR model has predicted the variation of melt fraction with time during both melting
and solidification without any underfitting and overfitting effects with a maximum
error of 5%. So LR ML model can be used to predict the melt fraction trend in

PCM-based shell and tube heat exchangers with nanoparticle and metal foam.
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Chapter 9

Effect of geometric parameters on phase change time
and exergy efficiency during melting and solidification

9.1 Introduction

The usage of the hybrid techniques resulted in the reduction of phase change time and
improved the exergy efficiency during solidification. But exergy efficiency during
solidification can be improved further. In the present study effect of geometric parameters
on the exergy efficiency of PCM shell and tube heat exchanger during melting and
solidification is analyzed. Among the hybrid techniques considered, the combined effect of
metal foam and GNP nanoparticles has shown a better effect. So in the present chapter, this
technique is considered to enhance the heat transfer in PCM. Effect on phase change time
and exergy efficiency is analyzed by varying porosity of metal foam, the volume fraction
of GNP nanoparticles, length of the heat exchanger, the inlet temperature of HTF, length to
diameter ratio (I/d) of shell and Reynolds number of HTF. Three levels of parameters are
considered for each parameter. Taguchi method is used to design the experiments. Grey
relational analysis (GRA) is used to rank the heat exchanger based on the performance
parameters and to find out the important parameter which affects the phase change time
and exergy efficiency of the heat exchanger.

9.2 Physical model

In the present study, the design parameters of the HX are varied to analyze their effect on
the phase change time and exergy efficiency. Fig.9.1 shows the geometric representation of
the HX. Due to its compatibility, lauric acid is chosen as the PCM (Uma Maheswararao et
al., 2022). The properties of lauric acid are given in Table 4.1. The diameter of the tube is
kept constant at 19.05mm, and both the length and diameter of the shell are varied such
that for all the considered cases volume of PCM is kept the same. The porosities of the
copper metal foams analyzed in the present work are 0.97, 0.95 and 0.93, and the volume
fractions of GNP NPs are 0.5% and 1%. Reynolds number of HTF is varied between 500
to 4000. The inlet temperature of HTF during melting is varied between 348K to 358K,
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and the inlet temperature of HTF during solidification is varied between 293K to 303K.
The length-to-shell diameter ratio is varied from 1.19 to 9.22, and the orientation of the

heat exchanger is varied from (O (horizontal) to 90 (vertical).

All dimensions are in mm

@

7’
HTF Inlet

Fig 9.1 Schematic of the heat exchanger

9.3 Grey relational analysis (GRA)

This approach is used to find the relationship among the experiments carried out with the
help of gray relational grade (GRG). It is used to find the important parameters by GRG.
Following are the steps in the GRA method.

Step 1: The results data is normalized in the initial step. In this process, the whole data is
scaled into 0 to 1. In the present study, solidification time is normalized based on the lesser
the better, and exergy efficiency is normalized based on the more the better. The higher the
better and lesser the better equations are given in Eqns.9.1 and 9.2.

— Xi—Xmin (91)

xi,normalized .
Xmax—Xmin

— Xmax—Xi (92)

xi,normalized .
Xmax—Xmin

Using this normalized value deviation value is calculated. The deviation value is calculated

using Egqn.9.3
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Xi deviated value — 1- Xinormalized (9-3)

Step 2: Using this normalized data Gray relational coefficient (GRC) was calculated. This
represents the correlation between actual and desired values. GRC was calculated using

Egn.9.4
A1‘ni1‘t"’§bA1‘nax
. — _min ' Fomax 9.4
gol Ao,i"’l»l’Amax ( )

Where Ao Is the difference between X; and the deviation value of x; , ¥ is the deviation
constant (0.5)

In the present work, individual GRA analysis is carried out for phase change time and
exergy efficiency. This gives us the inference of the important parameters influencing the

phase change time and exergy efficiency during melting and solidification individually.

9.4. Results and discussion

9.4.1 Taguchi method

Taguchi method consists of an experiment design methodology with a quality loss
function. This enables to development of a robust process. Very few experiments can be
performed using this method to get the maximum information[140]. The parameters
selected in the present study are the porosity of metal foam, the volume fraction of GNP
nanoparticles, the length of the heat exchanger, the inlet temperature of HTF, length to
diameter ratio of the shell and the Reynolds number of HTF. Each parameter has 3 levels.
Process parameters and their levels are shown in Table 9.1. Ly orthogonal array is
considered depending upon the 6 parameters and 3 levels, this has 27 experiments. These
are shown in Table.9.2. Considering these parameters numerical simulations are carried out

for the melting and solidification process.
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Table 9.1 Parameters and levels

Levels

Parameters 1 2 3

Porosity 0.93 0.95 0.97

GNP vol fraction (%) 0 (pure PCM) 0.5 1

Orientation O’ (horizontal) | 45 (incline) | 90" (vertical)

HTF inlet temperature

(K) 348/293 353/298 358/303

(melting/solidification)

I/d ratio 1.19 3.34 9.22

Reynolds number of

HTE 500 2000 4000

Table 9.2 Lo7 experimental parameters orthogonal array
Case | Porosity | GNP vol | Orientation HTF I/d ratio Reynolds
fraction temperature (K) number
(%) (melting/solidific of HTF
ation)

1 0.93 0 ] 348/293 1.19 500
2 0.93 0 ] 348/293 3.34 2000
3 0.93 0 ] 348/293 9.22 4000
4 0.93 0.5 45 353/298 1.19 500
5 0.93 0.5 45 353/298 3.34 2000
6 0.93 0.5 45 353/298 9.22 4000
7 0.93 1 90 358/303 1.19 500
8 0.93 1 90 358/303 3.34 2000
9 0.93 1 90 358/303 9.22 4000
10 0.95 0 45 358/303 1.19 2000
11 0.95 0 45 358/303 3.34 4000
12 0.95 0 45 358/303 9.22 500
13 0.95 0.5 90 353/293 1.19 2000
14 0.95 0.5 ] 353/293 3.34 4000
15 0.95 0.5 90 353/293 9.22 500
16 0.95 1 ] 348/298 1.19 2000
17 0.95 1 ] 348/298 3.34 4000
18 0.95 1 ] 348/298 9.22 500
19 0.97 0 90 353/298 1.19 4000
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20 0.97 0 90 353/298 3.34 500
21 0.97 0 90 353/298 9.22 2000
22 0.97 0.5 ] 358/303 1.19 4000
23 0.97 0.5 ] 358/303 3.34 500
24 0.97 0.5 0 358/303 9.22 2000
25 0.97 1 45 348/293 1.19 4000
26 0.97 1 45 348/293 3.34 500
27 0.97 1 45 348/293 9.22 2000

9.4.2 Melting time

Fig.9.2 shows the melt fraction with respect to the time of heat exchangers during melting.
For the same porosity of metal foam shell and tube heat exchangers, a clear difference can
be observed in melt fraction variation based on the I/d ratio of the heat exchanger. Heat
exchangers with an 1/d ratio of 9.22 shows the least melting time and heat exchangers with
an I/d ratio of 1.19 exhibited the highest melting time. This is because in the presence of
metal foam, heat transfer is conduction dominant and with a decrease in the diameter of the
shell overall effective thermal resistance decreases. Thus heat transfer increases with a
decrease in the diameter of the shell. As the amount of PCM is the same in all heat
exchangers, the rate of melting is highest in heat exchangers with an 1/d ratio of 9.22. Table
9.3 shows the ranking of the heat exchangers based on the melting time. From Table 9.3 it
can be noted that the top three ranked heat exchangers possess an I/d ratio of 9.22 and the
bottom three ranked heat exchangers possess an I/d ratio of 1.19. Table 9.3 shows the
ranking of the parameters which show the most influence on melting time. From Table 9.4
it can be observed that the I/d ratio of shell and tube heat exchanger has the most
significant effect on melting time, melting time decreases with an increase in the 1/d ratio
of shell and tube heat exchanger. The porosity of metal foam and Reynolds number of HTF
has shown a significant effect on the melting time. With the decrease in the porosity of
metal foam, the effective thermal conductivity of PCM increases. This results in an
increase in the rate of melting. From Table 9.4 it can be noted that with an increase in the
Reynolds number of HTF, melting time decreases. This is because, with an increase in the
Reynolds number, the heat transfer coefficient increases, thus resulting in increasing in the

rate of melting. Effect of volume fraction of GNP nanoparticles, orientation, and HTF inlet
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temperature shows an insignificant effect on melting time when compared with porosity of
metal foam, I/d ratio of heat exchanger, and Reynolds number of HTF. Least melting time
of 300 seconds is exhibited by heat exchanger with metal foam porosity of 0.93, I/d ratio of
9.22 with HTF inlet temperature, and Reynolds number of 358K and 4000 enhanced with
1% volume fraction GNP nanoparticles oriented vertically. Highest melting time of 5150
seconds is exhibited by heat exchanger with metal foam porosity of 0.97, 1/d ratio of 1.19
with HTF inlet temperature and Reynolds number of 348K and 4000 enhanced with 1%
volume fraction GNP nanoparticles oriented at 45. For the same amount of PCM
considered, a variation of 94.17% in melting time is observed with varying the geometric

parameters of shell and tube heat exchanger and input parameters of HTF.
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Table 9.3 Normalized, deviated and grade of the melting time

Case Melting | Normalized | Deviation value Grade Rank
time (sec) value
Case 1 3900 0.257 0.742 0.402 25
Case 2 1600 0.731 0.268 0.651 14
Case 3 450 0.969 0.030 0.941 3
Case 4 3100 0.422 0.577 0.464 18
Case 5 1300 0.793 0.206 0.708 10
Case 6 350 0.989 0.010 0.979 2
Case 7 3500 0.340 0.659 0.431 22
Case 8 1100 0.835 0.164 0.751 6
Case 9 300 1 0 1 1
Case 10 3150 0.412 0.587 0.459 20
Case 11 1050 0.845 0.154 0.763 4
Case 12 1550 0.742 0.257 0.659 13
Case 13 3100 0.422 0.577 0.464 18
Case 14 1050 0.845 0.154 0.763 4
Case 15 1450 0.762 0.237 0.678 12
Case 16 3500 0.340 0.659 0.431 22
Case 17 1200 0.814 0.185 0.729 9
Case 18 1750 0.701 0.298 0.625 15
Case 19 5110 0.008 0.991 0.335 26
Case 20 2800 0.484 0.515 0.492 16
Case 21 1150 0.824 0.175 0.740 8
Case 22 3800 0.278 0.721 0.409 24
Case 23 2950 0.453 0.546 0.477 17
Case 24 1100 0.835 0.164 0.751 6
Case 25 5150 0 1 0.333 27
Case 26 3275 0.386 0.613 0.449 21
Case 27 1300 0.793 0.206 0.708 10
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Table 9.4 Response table of parameters for melting time

Levels 1 2 3 Max-Min Rank
Parameters

Porosity 0.703 0.619 0.521 0.181 2

GNP vol fraction 0.605 0.633 0.606 0.027 5

Orientation 0.602 0.613 0.628 0.026 6

HTF inlet 0.585 0.625 0.634 0.048 4

temperature

I/d ratio 0.414 0.643 0.787 0.372 1

Reynolds no 0.520 0.629 0.695 0.175

9.4.3 Solidification time

Fig.9.3 shows the melt fraction with respect to the time of heat exchangers during
solidification. Similarly to that of melting, for the same porosity of metal foam shell and
tube heat exchangers, a clear difference can be observed in melt fraction variation based on
the 1/d ratio of the heat exchanger during solidification. Heat exchangers with an I/d ratio
of 9.22 shows the least solidification time and heat exchangers with an I/d ratio of 1.19
exhibit the highest solidification time. This is because the solidification process is
conduction dominant and further using metal foam effective thermal conductivity of PCM
increases and with a decrease in the diameter of the shell overall effective thermal
resistance decreases. Thus heat transfer increases with a decrease in the diameter of the
shell. As the amount of PCM is the same in all heat exchangers, the rate of solidification is
highest in heat exchangers with an I/d ratio of 9.22. Table 9.5 shows the ranking of the heat
exchangers based on the solidification time. From Table 9.5 it can be noted that the top
three ranked heat exchangers have an I/d ratio of 9.22 and the bottom three ranked heat
exchangers have an I/d ratio of 1.19 similar to that of melting. Table 9.6 shows the ranking
of the parameters which has the most influence on solidification time. Similar to that of the
melting process from Table 9.6 it can be observed that the I/d ratio of shell and tube heat

exchanger has the most significant effect on solidification time, it decreases with an
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increase in the 1/d ratio of shell and tube heat exchanger. Similarly to that of the melting
process following the I/d ratio of heat exchanger, the porosity of metal foam and Reynolds
number of HTF has shown a significant effect on the solidification time. With the decrease
in the porosity of metal foam, the effective thermal conductivity of PCM increases. This
results in an increase in the rate of solidification. The effect of volume fraction of GNP
nanoparticles, orientation, and HTF inlet temperature on solidification time is insignificant
when compared with the porosity of metal foam, I/d ratio of heat exchanger, and Reynolds
number of HTF. Least solidification time of 400 seconds is exhibited by heat exchanger
with metal foam porosity of 0.93, I/d ratio of 9.22 with HTF inlet temperature and
Reynolds number of 348K and 4000 pure PCM heat exchanger oriented horizontally.
Highest solidification time of 7100 seconds is exhibited by heat exchanger with metal foam
porosity of 0.97, I/d ratio of 1.19 with HTF inlet temperature and Reynolds number of
303K and 4000 enhanced with 0.5% volume fraction GNP nanoparticles oriented at 45. For
the same amount of PCM considered, a variation of 94.36% in solidification time is
observed with varying geometric parameters of shell and tube heat exchanger and input
parameters of HTF.
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Table 9.5 Normalized, deviated and grade of the solidification time

Case Solidification | Normalized Deviation Grade Rank
time value value
Case 1 3650 0.514 0.485 0.507 17
Case 2 1500 0.835 0.164 0.752 7
Case 3 400 1 0 1 1
Case 4 4250 0.425 0.574 0.465 20
Case 5 1800 0.791 0.208 0.705 11
Case 6 450 0.992 0.007 0.985 2
Case 7 5250 0.276 0.723 0.408 24
Case 8 700 0.955 0.044 0.917 4
Case 9 600 0.970 0.029 0.943 3
Case 10 5200 0.283 0.716 0.411 23
Case 11 2100 0.746 0.253 0.663 14
Case 12 2400 0.701 0.298 0.626 15
Case 13 3300 0.567 0.432 0.536 16
Case 14 1200 0.880 0.119 0.807 5
Case 15 1600 0.820 0.179 0.736 9
Case 16 3900 0.477 0.522 0.489 19
Case 17 1500 0.835 0.164 0.752 7
Case 18 1950 0.768 0.231 0.683 13
Case 19 6225 0.130 0.869 0.365 25
Case 20 5000 0.313 0.686 0.421 22
Case 21 1600 0.820 0.179 0.736 9
Case 22 7100 0 1 0.333 27
Case 23 6250 0.126 0.873 0.364 26
Case 24 1900 0.776 0.223 0.690 12
Case 25 4450 0.395 0.604 0.452 21
Case 26 3850 0.485 0.514 0.492 18
Case 27 1250 0.873 0.126 0.797 6
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Table 9.6 Response table of parameters for solidification time

Levels 1 2 3 Max-Min Rank

Parameters

Porosity 0.742 0.633 0.517 0.225 2

GNP vol fraction 0.609 0.624 0.659 0.050 4

Orientation 0.619 0.622 0.652 0.033 6

HTF inlet temperature 0.658 0.639 0.609 0.0494 5

I/d ratio 0.440 0.653 0.799 0.359 1

Reynolds no 0.522 0.670 0.700 0.177 3

9.4.4 Exergy efficiency during melting

Exergy is a property that enables to determine the work potential of a given amount of
energy. For the same amount of energy available, energy at higher temperatures has more
exergy. Fig.9.4 illustrates the variation in exergy efficiency with time for the considered
heat exchangers. Exergy efficiency in the present study depends on the average
temperature of PCM and the inlet and exit temperature of HTF. The initial temperature of
the PCM in heat exchangers is 298K which is equal to ambient temperature, as a result,
initial exergy efficiency is zero in all the heat exchangers. During melting, with time
temperature of the PCM increases, and thus the temperature of energy stored increases.
This results in an increase in the exergy efficiency of the heat exchangers. In Fig.9.4 higher
exergy efficiency at the end of melting indicates higher average temperature. Table 9.7
infers the ranking of the heat exchangers based on the average exergy efficiency during
melting. It can be noted that the top 3 ranked heat exchangers have an inlet HTF
temperature of 348K and the bottom 3 raked heat exchangers have an inlet HTF
temperature of 358K. This is because during the initial stage and phase change stages of
melting average temperature of PCM in all heat exchangers is almost the same, as a result,
energy is stored at almost the same temperatures in all heat exchangers. This results in
higher exergy destruction in heat exchangers in which the inlet temperature is 358K. Table
9.8 gives the ranking of parameters that influences the exergy efficiency during melting.
The inlet temperature of HTF, the orientation of heat exchanger and the porosity of metal

foam are showing significant effect on exergy efficiency during melting. Horizontally-
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oriented heat exchangers and heat exchangers in which the porosity of metal foam is 0.97
has higher exergy efficiency. Reynolds number of HTF, I/d ratio of heat exchanger and
volume fraction of GNP nanoparticles have shown the least effect on exergy efficiency
during melting. Although the outlet temperature of HTF varies due to variation in
Reynolds number of HTF and keeping the overall rate of energy transfer almost the same,
during melting exergy depends more on the average temperature of PCM. Thus Reynolds
number of HTF has the least effect on exergy efficiency during melting. Irrespective of the
I/d ratio of heat exchanger a gradual increase in the average temperature occurs in all heat
exchangers, thus the exergy efficiency increases. The effect of the GNP nanoparticles
hinders due to the usage of the metal foam, thus its effect is insignificant on exergy
efficiency during melting. The least average exergy efficiency of 40.29% is exhibited by
heat exchanger with metal foam porosity of 0.93, I/d ratio of 1.19 with HTF inlet
temperature and Reynolds number of 358K and 500 enhanced with 1% volume GNP
nanoparticles oriented vertically. The highest average exergy efficiency of 61.29% is
exhibited by heat exchanger with metal foam porosity of 0.95, I/d ratio of 9.22 with HTF
inlet temperature and Reynolds number of 348K and 500 enhanced with 1% volume GNP

nanoparticles oriented horizontally.
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Fig 9.4 Exergy variation with time (a) 0.93 porosity metal foam (b) 0.95 porosity metal foam and
(c) 0.97 porosity metal foam heat exchanger during melting

Table 9.7 Normalized, deviated and grade of the exergy during melting

Case Exergy | Normalized Deviation Grade Rank
efficiency value value
(%)
Case 1 514 0.529 0.470 0.514 14
Case 2 53.3 0.619 0.380 0.567 9
Case 3 50.09 0.466 0.533 0.483 16
Case 4 45.09 0.228 0.771 0.393 24
Case 5 48 0.367 0.632 0.441 20
Case 6 47.49 0.342 0.657 0.432 22
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Case 7 40.29 0 1 0.333 27
Case 8 42.83 0.120 0.879 0.362 26
Case 9 44.18 0.185 0.814 0.380 25
Case 10 49.1 0.419 0.580 0.462 18
Case 11 50.58 0.49 0.51 0.495 15
Case 12 52.43 0.578 0.421 0.542 12
Case 13 48.47 0.389 0.610 0.450 19
Case 14 47.94 0.364 0.635 0.440 21
Case 15 54.15 0.66 0.34 0.595 4
Case 16 51.72 0.544 0.455 0.523 13
Case 17 53.51 0.629 0.370 0.574 5
Case 18 61.29 1 0 1 1
Case 19 53 0.605 0.394 0.558 11
Case 20 46.97 0.318 0.681 0.423 23
Case 21 49.46 0.436 0.563 0.470 17
Case 22 53.24 0.616 0.383 0.566 10
Case 23 53.4 0.624 0.375 0.570 7
Case 24 53.34 0.621 0.378 0.569 8
Case 25 59.26 0.903 0.096 0.837 2
Case 26 53.51 0.629 0.370 0.574 5
Case 27 55.02 0.701 0.298 0.626 3
Table 9.8 Response table of parameters for exergy efficiency during melting
Levels 1 2 3 Max-Min Rank
Parameters
Porosity 0.434 0.564 0.577 0.143 3
GNP vol fraction 0.502 0.495 0.579 0.077 4
Orientation 0.596 0.533 0.446 0.150 2
HTF inlet 0.633 0.467 0.474 0.166 1
temperature
I/d ratio 0.515 0.494 0.566 0.072 5
Reynolds no 0.549 0.4970 0.529 0.052 6
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9.4.5 Exergy efficiency during solidification

Fig.9.5 illustrates the variation of exergy efficiency with time during solidification. Unlike
during melting, exergy efficiency during solidification significantly depends on the outlet
temperature of HTF. During solidification energy is carried out by HTF, during this
process energy at higher temperatures is converted into lower-temperature energy. This
results in exergy destruction. Initially, during solidification, exergy efficiency is higher
because of the higher outlet temperature of HTF. As the solidification process progresses
exergy efficiency decreases because of higher variation in average temperature of PCM
and outlet temperature of HTF. On further solidification, this variation decreases thus
resulting in an increase in the exergy efficiency. Table 9.9 illustrates the ranking of the heat
exchanger based on the exergy efficiency during solidification. From Table 9.9 it can be
noted that all bottom three ranked heat exchangers have 0.97 porosity metal foam with an
I/d ratio of 1.19 and HTF Reynolds number of 4000. Table 9.10 infers the ranking of
parameters according to the influence on exergy efficiency during solidification. Reynolds
number and I/d ratio have shown significant effect on exergy efficiency during
solidification. If the flow rate is less, then the outlet temperature of HTF will be higher and
for a higher flow rate of HTF, the outlet temperature will be less. Due to this temperature
difference, exergy efficiency varies. Higher the outlet temperature of HTF higher the
exergy efficiency and vice versa. With a higher I/d ratio length of the heat exchanger
increases. This results in higher HTF interaction time, thus enabling HTF temperature to
increase. The porosity of metal foam, volume fraction of GNP nanoparticles, orientation

and HTF inlet temperature has less effect on exergy efficiency during solidification.

The least average exergy efficiency of 0.53% is exhibited by heat exchanger with metal
foam porosity of 0.97, I/d ratio of 1.19 with HTF inlet temperature and Reynolds number
of 298K and 4000 pure PCM heat exchanger oriented vertically. The highest exergy
efficiency of 23.32% is exhibited by heat exchanger with metal foam porosity of 0.95, I/d
ratio of 9.22 with HTF inlet temperature and Reynolds number of 298K and 500 enhanced

with 1% volume GNP nanoparticles oriented horizontally.
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Fig 9.5 Exergy variation with time (a) 0.93 porosity metal foam (b) 0.95 porosity metal foam and

(c) 0.97 porosity metal foam heat exchanger during solidification

Table 9.9 Normalized, deviated and grade of the exergy during solidification

Case Exergy | Normalized | Deviation Grade Rank
efficiency value value
(%)
Case 1 9.79 0.406 0.593 0.457 7
Case 2 8.77 0.361 0.638 0.439 10
Case 3 53 0.209 0.790 0.387 15
Case 4 4.92 0.192 0.807 0.382 16
Case 5 9.95 0.413 0.586 0.460 6
Case 6 5.36 0.211 0.788 0.388 14
Case 7 4.16 0.159 0.840 0.372 20
Case 8 9.35 0.387 0.612 0.449 9
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Case 9 5.39 0.213 0.786 0.388 13
Case 10 4.46 0.172 0.827 0.376 17
Case 11 1.93 0.061 0.938 0.347 24
Case 12 12.99 0.546 0.453 0.524 2
Case 13 4.24 0.162 0.837 0.373 19
Case 14 2.08 0.068 0.931 0.349 22
Case 15 11.47 0.480 0.519 0.490 4
Case 16 2.65 0.093 0.906 0.355 21
Case 17 2.05 0.066 0.933 0.348 23
Case 18 23.32 1 0 1 1
Case 19 0.53 0 1 0.333 27
Case 20 4.43 0.171 0.828 0.376 18
Case 21 9.41 0.389 0.610 0.450 8
Case 22 0.54 0.0004 0.999 0.333 26
Case 23 10.61 0.442 0.557 0.472 5
Case 24 7.64 0.311 0.688 0.420 11
Case 25 0.62 0.003 0.996 0.334 25
Case 26 6.4 0.257 0.742 0.402 12
Case 27 11.5 0.481 0.518 0.490 3

Table 9.10 Response table of parameters for exergy efficiency during solidification

Levels 1 2 3 Max-Min Rank
Parameters

Porosity 0.413 0.462 0.401 0.061 5

GNP vol fraction 0.410 0.407 0.460 0.052 6

Orientation 0.468 0.411 0.398 0.070 3

HTF inlet 0.468 0.400 0.409 0.067 4
temperature

I/d ratio 0.368 0.405 0.504 0.135 2

Reynolds no 0.497 0.424 0.356 0.140 1

Table 9.11 infers the overall individual ranking of parameters that affects the performance of the
PCM shell and tube heat exchanger. | indicates that the lesser value of the chosen parameter
will result in the better performance of HX. 1 indicates that the higher value of the chosen
parameter will result in better performance of HX.
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Table 9.11 Overall ranking of heat exchanger parameters

Performance Melting Solidification Exergy Exergy
ctor time time efficiency efficiency
(melting) | (Solidification)
Parameters

Porosity 2() 2()) 3(7) 5
GNP 5 4 4 6

Orientation 6 6 2()) 3()
HTF temp 4 5 1()) 4

I/d ratio 1(1) 1(7) 5 2(7)

Reynolds no 3(7) 3(7) 6 1())

9.5 Conclusions

In the present work, numerical analysis of GNP nanoparticles enhanced metal foam PCM
shell and tube heat exchanger during melting and solidification is carried out. The effect of
phase change time and exergy efficiency on varying porosity of metal foam, volume
fraction of GNP nanoparticles, length of heat exchanger, the inlet temperature of HTF,
length to diameter ratio of shell and Reynolds number of HTF is analyzed. GRA is used to

rank the heat exchangers based on individual performance factors and to find out the most

important operational parameter.

The effect of GNP nanoparticles is noted to be insignificant in combination with metal

foam.

The porosity of metal foam, I/d ratio of HX and Reynolds number of HTF have shown

significant effects on the performance of the HX.

HXs which have an I/d ratio of 9.22 have shown better performance. Both melting and
solidification times decreased with the decrease in the porosity of metal foam. Whereas
exergy efficiency during melting decreased with the decrease in the porosity of metal

foam.

A higher HTF Reynolds number favored the phase change time but depreciated the

exergy efficiency during solidification.
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For the same amount of PCM considered with the variation of HX parameters, minimum
and maximum melting durations of 300 seconds and 5150 seconds are noted. Similarly,
minimum and maximum durations of 400 and 7100 seconds are noted during
solidification.

During melting maximum exergy efficiency of 61.29% is noted in ST HX with metal
foam porosity of 0.95, I/d ratio of 9.22 with HTF inlet temperature and Reynolds number
of 348K and 500 enhanced with 1% volume GNP nanoparticles oriented horizontally.
During melting minimum exergy efficiency of 40.29% is noted in ST HX with metal
foam of 0.93, I/d ratio of 1.19 with HTF inlet temperature and Reynolds number of 358K
and 500 enhanced with 1% volume GNP nanoparticles oriented vertically.

During solidification maximum exergy efficiency of 23.32% is noted in HX with metal
foam porosity of 0.95, I/d ratio of 9.22 with HTF inlet temperature and Reynolds number
of 298K and 500 enhanced with 1% volume GNP nanoparticles oriented horizontally.
During solidification, minimum exergy efficiency of 0.53% is exhibited by HX with
metal foam porosity of 0.97, I/d ratio of 1.19 with HTF inlet temperature and Reynolds
number of 298K and 4000 pure PCM HX oriented vertically.
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Chapter 10

Conclusions and scope for future work

The present research work is aimed to analyze the effect of different hybrid techniques on the
thermal performance of a latent heat storage unit (LHSS). Lauric acid is chosen as the phase
change material (PCM) and shell and tube type heat exchanger is chosen as the heat
exchanger. Three hybrid techniques: (1) fins + GNP (graphene nanoplatelets) nanoparticles,
(2) metal foam + GNP nanoparticles and (3) cascaded metal foam are used in the present
study. Simulations were performed to compare the performance of these three hybrid
techniques considering the effect of the orientation of LHSS on its thermal performance.
Numerical simulations based on the enthalpy porosity approach are carried out for the proper
understanding of the melting and solidification behavior of PCM. To compare the
performance of the heat exchangers - phase change time, energy ratio and exergy efficiency
during melting and solidification are considered. The performance of the PCM shell and tube
heat exchangers with hybrid techniques is compared with pure PCM heat exchangers i.e.
without hybrid techniques. From the present numerical investigations, the following

conclusions are drawn.

e Inapure PCM heat exchanger, a vertically oriented heat exchanger has the least melting
time of 6505 seconds and the highest melting time of 8065 seconds for an inclined (45°)
heat exchanger.

e During solidification in a pure PCM heat exchanger horizontal heat exchanger has the
least solidification time of 26675 seconds and the highest solidification time of 30775
seconds for an inclined (45") heat exchanger.

e Among radial, spiral and longitudinal fin heat exchangers, radial fin shell and tube PCM
heat exchanger is the least melting and solidification time for the same volume fraction
of GNP (Graphene nanoplatelets) nanoparticles and for a particular orientation of heat
exchanger.

e With the increase in the volume fraction of GNP nanoparticles, both melting and
solidification time decreases.

e The inclined (45) heat exchanger has the highest melting time irrespective of fin type

and nanoparticle volume fraction.
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Orientation of heat exchanger has the least effect on solidification time in GNP
nanoparticles enhanced finned shell and tube heat exchanger.

The decrease in porosity of metal foam resulted in a decrease in melting and
solidification time.

The least melting time of 1410 seconds is noted in 0.93 porosity metal foam enhanced
with 1% volume GNP nanoparticles oriented vertically and the highest melting time of
3100 seconds is noted in 0.97 porosity metal foam pure PCM oriented at 45.,

The least solidification time of 2200 seconds is noted in 0.93 porosity metal foam
enhanced with 1% volume GNP nanoparticles. The highest solidification time of 4000
seconds is noted in 0.97 porosity metal foam enhanced with pure PCM heat exchanger
oriented at 45.

The effect of GNP nanoparticles can be noted only in the presence of metal foam with a
porosity of 0.97.

In the radial cascaded metal foam heat exchanger, the horizontally positioned heat
exchanger has the highest melting and solidification time and the vertically oriented
heat exchanger has the least melting and solidification time.

The least melting time of 1550 seconds is noted in radial cascaded 0.93-0.95-0.97
vertically oriented heat exchanger and the highest melting time of 3000 seconds is noted
in linearly cascaded 0.93-0.95-0.97 oriented at 45.

The least solidification time of 2200 seconds is noted in radial cascaded 0.93-0.95-0.97
vertically oriented heat exchanger and the highest solidification time of 4000 seconds is
noted in linearly cascaded 0.97-0.95-0.93 oriented horizontally.

The energy storage ratio at the end of melting is highest in pure PCM heat exchangers
and least in heat exchangers in which the metal foam + GNP nanoparticles hybrid
technique is used. But this variation in energy storage ratio is less when compared with
the reduction in melting time.

During solidification energy release ratio is almost the same in all the heat exchangers.
The average temperature at the end of melting is higher in heat exchangers in which the
convective mode of heat transfer dominates. Thus resulting in a higher energy storage

ratio and exergy efficiency.
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The highest exergy efficiency of 76.16% is noted in pure PCM heat exchanger oriented
at 45 and the least exergy efficiency of 45.40% is noted in radially cascaded 0.97-0.93-
0.95 heat exchanger oriented vertically during melting.

Exergy efficiency during solidification in pure PCM heat exchanger is very less. The
highest average efficiency during solidification is 0.715%. This is because of less
increase in the outlet temperature of HTF.

With the increase in the rate of solidification outlet temperature of HTF increases, thus
resulting in an increase in exergy efficiency during solidification.

Heat exchangers in which metal foam+ GNP nanoparticles and cascaded metal foam
exhibited the highest exergy efficiency during solidification.

In metal foam+ GNP nanoparticles hybrid enhanced PCM heat exchanger, exergy
efficiency during solidification increased with a decrease in the porosity of metal foam.
GNP nanoparticles have an effect in the presence of only 0.97 porosity metal foam.
During solidification, the least exergy efficiency of 0.715% in pure PCM heat
exchanger oriented horizontally is noted, and the highest exergy efficiency of 10.5% in
0.93 porosity metal foam enhanced with 1% volume GNP nanoparticles oriented at 45.
Among the hybrid techniques considered metal foam + GNP nanoparticles hybrid
technique has shown better performance.

A machine learning model is developed to predict the transient variation in melt fraction
of metal foam+ GNP nanoparticle hybrid enhanced PCM shell and tube heat exchanger.
The linear regression model has predicted the transient variation of melt fraction during
melting and solidification with the highest accuracy.

On carrying out the parametric analysis by varying the porosity of metal foam, the
volume fraction of GNP nanoparticles, length of the heat exchanger, the inlet
temperature of HTF, length to diameter ratio (I/d) of shell and Reynolds number of
HTF, it is revealed that porosity of the metal foam and I/d ratio of heat exchanger has a
significant effect on melting and solidification times.

The lesser the porosity of metal foam lesser will be the melting and solidification time.
The higher the I/d ratio of the heat exchanger lesser will be the melting and

solidification time.
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Exergy efficiency during melting depends on HTF inlet temperature and orientation of
the heat exchanger. Lesser the HTF inlet temperature lesser will be the exergy
destruction, thus resulting in better exergy efficiency.

Exergy efficiency during solidification significantly depends on the Reynolds number of
HTF and the I/d ratio of the heat exchanger. The lesser the Reynolds number better the
exergy efficiency and the higher the I/d ratio better the exergy efficiency.

Scope for future work

Effect of hybrid technique can be analyzed in simultaneous changing and discharging
PCM shell and tube heat exchanger.

Effect of GNP nanoparticles combined with metal foam with gradient porosity can be
explored.

Influence of shell geometry with hybrid techniques on thermal transport can be
investigated.

Thermal hydraulics for a PCM shell and tube heat exchanger with heat transfer fluid

tube repleted with metal foam can be examined.
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