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SYNOPSIS
Research and development of green energy materials and associated technologies
picked up momentum due to low carbon energy policies and rapid industrialization.
Effective conversion, storage and management of renewable energy sources and
energy harvesting are essential to close the gap between the supply and demand of
energy and to curtail further environmental degradation. Thermal energy storage has
been proposed for intermediate storage of solar energy, waste heat recovery from
industrial processes and thermoregulation applications. Among different types of
thermal energy storage schemes, latent heat thermal energy storage using phase
change materials (PCM) has an ability to store excess energy at a constant or near
constant temperature, corresponding to its phase transition temperature of the PCM
and has a high storage density. For a typical temperature variation of 20 0C,
approximately 3-4 times higher thermal energy storage per unit volume can be
accomplished using a latent heat thermal energy storage system, as compared to a
sensible heat storage system. Based on the chemical compositions, PCMs are
categorized into inorganic and organic PCMs. The organic PCMs (like fatty acids,
alcohols and long chain alkanes) have several advantages bovver their inorganic
counterparts, which include high latent heat, lower vapour pressure during melting,
self-nucleating ability, low degree of supercooling, thermal repeatability even after a
large number of melting/freezing cycles, chemical stability and non-toxicity. In
liquid-solid phase transition, thermal energy is stored and retrieved at near isothermal
conditions during melting and solidification, respectively. Organic PCMs have found
wide spread applications in cooling/heating of buildings, cooling of electronic devices
and domestic/commercial refrigeration, solar water/air heater, solar receiver of direct
i

steam generator of concentrated solar power plants, etc. In spite of immense industrial
benefits of thermal energy storage using organic PCMs, the practical applicability of
these materials is severely restricted due to their inherently low thermal conductivity.
Hence, dispersing high thermal conductivity nano-inclusions within the continuous
medium of PCM has been attempted to enhance thermal conductivity of the PCMs.
However, the role of particle loading, surface functionalization, nature and physical
properties of the nano-inclusions, the effects of size, shape and aspect ratio of these
nano-inclusions are poorly understood. Also, the understanding of the exact
mechanism of nano-inclusion assisted thermal conductivity enhancement in PCMs is
unclear. Further, material losses, due to leakage, during solid-liquid phase transition
warrants further studies on form-stable PCMs. These served as a motivation for
undertaking the present problem. The major objectives of this thesis are (i) to probe
the role of surface functionalization of nano-inclusions on long term thermal stability
and thermal conductivity enhancement of PCMs loaded with nano-inclusions; (ii) to
tune the phase transition temperature of composite PCMs by varying the constituent
concentrations and thermal conductivity enhancements in these tuned PCMs by
loading with various nano-inclusions; (iii) to probe the role of nano-inclusion
concentration on thermal conductivity enhancement; (iv) to investigate micro-scale
aggregation phenomena and formation of percolating network during solidification of
the PCMs; (v) to study photo-thermal conversion of carbon black nano-inclusion
loaded PCMs and the role of particle loading on conversion efficiency and (vi) to
demonstrate a form-stable PCM with high latent heat storage capacity and phase
transition temperature around 19 0C. The thesis consists of seven chapters and details
of the chapters are summarized in the following sections. Chapter 1 gives a brief
introduction on various modes of thermal energy storage, classification of PCMs and

ii

some practical applications of latent heat thermal energy storage systems. The
limitations of PCMs due to low thermal conductivity and material losses because of
leakage during first order solid-liquid phase transitions and various strategies adopted
to circumvent these limitations are also briefly discussed. Chapter 2 describes the
experimental methods for sample preparation, characterization of the nano-inclusions,
PCMs, measurement of thermal conductivity and photo-thermal conversion
efficiency. Various characterization tools, such as powder X-ray diffraction (XRD),
small angle X-ray scattering (SAXS), dynamic light scattering (DLS), Fourier
transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM), atomic
force microscopy (AFM), differential scanning calorimetry (DSC), infrared
thermography (IRT), refractive index (RI) measurement and phase contrast optical
microscopy are briefly discussed. This was followed by a detailed description of
thermal conductivity measurement protocol employing the transient hot wire method.
Chapter 3 describes the role of surface functionalization and physical properties of
nano-inclusions on thermal conductivity enhancement during liquid-solid phase
transition of hexadecane based PCMs, upon loading with six different nanoinclusions, viz. carbon black nano powder (CBNP), nickel nanoparticles (NiNP),
copper nanoparticles (CuNP), silver nanowires (AgNW), multi-walled carbon
nanotubes (MWCNT) and graphene nanoplatelets (GNP). Experimental findings
indicated that surface functionalization of the GNP nano-inclusions with oleic acid
resulted better thermal stability of the nano-inclusion loaded PCMs, without
significant reduction in thermal conductivity enhancement. Chapter 4 presents the
results of tuning phase transition temperature of composite PCMs, viz. phenol-water
system and palmitic acid/di-methyl formamide (PA-DMF) mixtures. Experimental
results indicated enhanced thermal conductivity during first order liquid-solid phase

iii

transition in the phenol-water system loaded with four different nano-inclusions.
Chapter 5 discusses CBNP assisted enhancement in thermal conductivity and photothermal conversion in paraffin wax (PW) and lauric acid (LA) based PCMs with
varying loading concentrations. The superior volume filling capacity and fractal
nature of CBNP aggregates enabled the formation of closely bound percolation
network with reduced thermal barrier resistance that gave rise to significant thermal
conductivity enhancements. Additionally, photo-thermal conversion of the CBNP
loaded PCMs were enhanced by ~ 84 and 135 % for the PW and LA based PCMs
loaded with 2.5 and 3.5 wt. % of CBNP nano-inclusions. This chapter also discusses
the results of optical phase contrast video microscopy, where direct experimental
evidence for microscale aggregation and cluster formation during solidification of the
PCMs is observed. Chapter 6 describes the formulation, thermophysical
characterization and thermal conductivity enhancement of palmitic acid/hexadecane
(PA-HD) based binary form stable PCM. For thermal cycling up to 40 0C, no leakage
was observed and the binary PCM retained the shape and structural integrity, which
are immensely beneficial for practical applications. The significant enhancement in
thermal conductivity observed in the solid phase for the form-stable PCM loaded with
CBNP nano-inclusions is attributed to the effective heat conduction through the quasi
2D- percolating networks. Chapter 7 presents a summary of the results obtained,
along with the conclusions drawn and recommendations for future work.
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3rd and 4th thermal cycles, respectively. (e-h) Optical phase contrast
microscopy images of the PCM loaded with 0.005 wt. % of uncoated GNP
(GNP-UC), in the liquid state after 1st, 2nd, 3rd and 4th thermal cycles,
respectively. A few aggregates are encircled in the figures for easy
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identification.
(a-d) Typical infrared images during cooling of water at t = 0, 500, 1000 and
1500 s, respectively. (e-h) Typical infrared images during the freezing of the
PCM, without any nano-inclusions, at t = 0, 500, 1000 and 1500 s,
respectively. The pseudo colour-coded temperature scale is also shown
along with the images.
Variation of the normalized temperature difference [(T-T0)/T0, where T0 is
the initial temperature] as a function of normalized time (t/tm, where tm is the
maximum observation time = 2000 s) for water, PCM without any nanoinclusions and PCM loaded with 0.0025 and 0.0075 wt. % of GNP nanoinclusions. The presence of the phase transition regions for the PCM (with or
without nano-inclusions) is also indicated in the figure.
(a) Schematic structure of phenol-water system consisting of 3 phenol (P1,
P2 and P3) and one water (W) molecules. (b) FTIR spectra of the phenolwater mixture (water concentration = 1.56 wt. %) loaded with α-Al2O3, TiO2
and SiO2 nanoparticles, where the major absorption bands are indexed. For
comparison, the FTIR spectra of the phenol-water mixture is also shown in
the figure.
(a) Heat flow curve for pure phenol (99.5 % purity), obtained from DSC
studies. (b) Variation of refractive index as a function of temperature for
phenol and four different phenol-water mixtures with 0.74, 1.56, 2.55 and
3.25 wt. % water. The depression in freezing point is shown by the arrow.
(c) Experimentally measured and theoretically calculated values of the
freezing point of phenol and phenol-water mixture containing 0.74, 1.56,
2.55 and 3.25 wt. % of water. (Inset) Variation of theoretically calculated
values of freezing point depression (ΔTf) as a function of experimentally
measured ΔTf.
(a) Variation of refractive indices as a function of temperature for phenol
and phenol-water mixture with 1.56 wt. % water concentration in the liquid
and solid states, during backward (liquid to solid: decrease in sample
temperature) and forward (solid to liquid: increase in sample temperature)
thermal cycles. The melting and freezing points during forward and
backward cycles are indicated in the figure. Typical photographs of the
phenol samples used for refractive index measurement in the (b) liquid and
(c) solid state. Typical photographs of the (d) liquid and (e) solid phenol
samples, used for thermal conductivity measurements. Typical photographs
of the (f) liquid and (g) solid phenol-water (1.56 wt. %) samples, used for
thermal conductivity measurements.
(a) Variation of k/kf as a function of water concentration in the solid state for
the phenol-water system. Here, k and kf indicate the thermal conductivity of
the phenol-water system and that of phenol in the solid state, respectively.
(b) Variation of k/kf during consecutive thermal cycling of the phenol-water
system with 1.56 wt. % water concentration. Here, kf indicate the thermal
conductivity of the phenol-water system in the liquid state. Optical phase
contrast microscopy images for phenol in the (c) liquid and (d) solid states.
The presence of needle like microstructure in the solid state can be clearly
seen from (d).
Variation of k/kf and percentage (%) enhancement in thermal conductivity as
a function of temperature for different concentrations of α-Al2O3 loading in
phenol-water system with 1.56 wt. % water concentration (PCM). Here kf
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Figure 4.10
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Figure 4.14

indicates the thermal conductivity (= 0.170 W/mK) of the PCM in liquid
state. The effect of CBNP addition (0.02 and 0.04 wt. %) on k/kf is also
shown. (Inset) Enlarged view of the variation of k/kf as a function of
temperature in the liquid state.
Schematic diagram showing the aggregation induced thermal conductivity
enhancement of nano-inclusion loaded PCM. During liquid-solid phase
transitions, the nano-inclusions are squeezed towards the grain boundary
forming a network of percolating structures which enhances the thermal
conductivity. The percolation path and needle like microstructures are
indicated suitably in the figure.
Variation of k/kf and percentage (%) enhancement in thermal conductivity as
a function of temperature for different concentrations of SiO2 loading in
phenol-water system with 1.56 wt. % water concentration (PCM). The effect
of CBNP addition (0.02 and 0.04 wt. %) on k/kf is also shown. (Inset)
Enlarged view of the variation of k/kf as a function of temperature in the
liquid state.
Variation of k/kf and percentage (%) enhancement in thermal conductivity as
a function of temperature for two different concentrations (1 and 3 wt. %) of
hydrophobic SiO2 (HP-SiO2) loading in phenol-water system with 1.56 wt.
% water concentration (PCM). (Inset) Enlarged view of the variation of k/kf
as a function of temperature in the liquid state.
Variation of k/kf and percentage (%) enhancement in thermal conductivity as
a function of temperature for different concentrations of TiO2 loading in
phenol-water system with 1.56 wt. % water concentration (PCM). The effect
of CBNP addition (0.02 and 0.04 wt. %) on k/kf is also shown. (Inset)
Enlarged view of the variation of k/kf as a function of temperature in the
liquid state.
Variation of k/kf and % enhancement in thermal conductivity in the solid (T
= 15 0C) and liquid (T = 35 0C) state for the PCM loaded with different
concentrations of (a) α-Al2O3, (b) SiO2 and (c) TiO2. (d) k/kf as a function of
concentration (in volume fraction) for PCM loaded with α-Al2O3, SiO2 and
TiO2 in the liquid state. The theoretical curve (effective medium theory) for
k/kf variation is also shown.
Optical phase contrast microscopy images of the PCM loaded with 1, 2, 3
and 4 wt. % of α-Al2O3, in the (a-d) liquid and (e-h) solid states,
respectively.
(a) Topography image (2 μm × 2 μm), obtained from atomic force
microscopy (AFM), for 1 wt. % α-Al2O3 loaded in phenol. The high thermal
conductivity percolation paths are indicated by the white arrows. (b) 3d
image of (a). (c) Grain distribution (obtained using 5th order Gaussian
kernel) superimposed on the topography image (a). (d) Topography image (5
μm × 5 μm) for 4 wt. % α-Al2O3 loaded in phenol. (e) A magnified view (2
μm × 2 μm) of a section (marked by the green rectangle) of (d). (f) Grain
distribution (obtained using 5th order Gaussian kernel) superimposed on the
topography image (e).
Variation of k/kf and % enhancement in thermal conductivity during
repeatability tests (thermal cycling) for the PCM loaded with (a) 4 wt. % of
α-Al2O3 and (b) 3 wt. % of SiO2.
Variation of k/kf and % enhancement in thermal conductivity on addition of
0.02 and 0.04 wt. % of CBNP to the PCM loaded with (a) 4 wt. % of Al2O3,
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Figure 4.21

Figure 4.22

Figure 4.23

(b) 3 wt. % of SiO2 and (c) 3 wt. % of TiO2. (d) Schematic illustration of the
primary particle and aggregates of CBNP. The high thermal conductivity
percolation path is also indicated in the figure.
(a) Temperature rise as a function of time for the PCM loaded with 1, 2 and
3 wt. % of α-Al2O3. (b) Variation of k/kf as a function of melting rate ratio
(normalized with respect to the melting rate of the PCM) in the case of αAl2O3 loaded PCM. The data is fitted with linear regression analysis. (c)
Temperature rise as a function of time for the PCM loaded with 1, 2 and 3
wt. % of SiO2. (d) Variation of k/kf as a function of melting rate ratio in the
case of SiO2 loaded PCM. The data is fitted with linear regression analysis.
(e) Temperature rise as a function of time for the PCM loaded with 1, 2 and
3 wt. % of TiO2. (f) Variation of k/kf as a function of melting rate ratio in the
case of TiO2 loaded PCM. The data is fitted with linear regression analysis.
The optimized molecular structures of (a) isolated PA, (b) DMF and (c) PADMF complex. The presence of O-H---O and C-H---O hydrogen bonds, in
PA-DMF complex, is also shown in (c). The bond lengths and interaction
energy, upon complex formation are also indicated.
(a) FTIR spectra of DMF, PA and PA-DMF composite PCM. The major
absorption bands are indexed and Table 4.4, in text, shows the detailed
descriptions. (b) Magnified view of a region (1600-1800 cm-1) of (a), where
the shifts in the stretching frequencies, upon complex formation, are clearly
discernible.
FTIR spectra indicating that O-H stretching frequency diminished from 3614
cm-1 to 3463 cm-1 upon PA-DMF complex formation.
Variation of temperature dependent refractive indices, during freezing and
melting, for (a) PA, (b) 27.4 wt. % DMF + PA and (c) 50.5 wt. % DMF +
PA. Typical photographs of PA in the (d) liquid and (e) solid states. Typical
photographs of 50.5 wt. % DMF + PA in the (f) liquid and (g) solid states.
Temperature evolution during melting, recorded by infrared thermography,
for PA and PA-DMF composites with various concentrations of DMF. The
solid-liquid phase transitions were associated with regions of distinct slope
change in the temperature-time curves, which are encircled for ease of
representation. Typical infrared images of (b) PA and (c) 50.5 wt. % DMF +
PA, respectively at time t = 548 s. The temperature scale bars are also
shown. The green, blue and black arrows indicate the location of the sample,
water bath and glass beaker, respectively. The glass beaker appears to be at a
lower temperature (pseudo colour back), as glass is not transparent to
infrared waves.
Heat flow curves, obtained from DSC studies, for PA and PA-DMF
composite PCMs with various concentrations of DMF. The peak melting
temperatures (TP) and onset temperatures (TO) are indicated in the figure.
Variation of melting temperature, for the PA-DMF composite PCMs,
obtained from DSC, RI and IRT experiments, as a function of DMF
concentration. (b) Bar chart showing the variation of latent heat for the PADMF composite PCMs, as a function of DMF concentration.
(a) Variation of thermal conductivity in the liquid and solid phases for
pristine PA and PA-DMF composite PCMs with increasing DMF
concentration. (b) Variation of k/kf and percentage enhancement in thermal
conductivity of the PCM (50.5 wt. % DMF + PA), as a function of
temperature. (Inset) Optical phase contrast micrograph of the PCM in the
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Figure 4.25

Figure 4.26

Figure 4.27

Figure 4.28

Figure 4.29

Figure 4.30

Figure 4.31

frozen condition. (c) Variations of k/kf and percentage enhancement in
thermal conductivity of the PCM, without any nano-inclusion, during
consecutive thermal cycling.
FTIR spectra of the PCM loaded with α-Al2O3, GNP, MWCNT and CBNP
nano-inclusions. For comparison, the FTIR spectra of pristine PCM is also
shown in the figure. All the major absorption bands are indexed and
described in Table 4.4.
Variations in k/kf and thermal conductivity enhancement (in %), as a
function of temperature, for the PCM loaded with various concentrations of
(a) α-Al2O3, (b) GNP, (c) MWCNT and (d) CBNP nano-inclusions. The
variations of k/kf for the pristine PCM are also shown in the figures for
comparison.
Variations in k/kf and thermal conductivity enhancement (in %) in the liquid
state, as a function of loading concentration, for the PCM loaded with
various concentrations of (a) α-Al2O3, (b) GNP, (c) MWCNT and (d) CBNP.
The theoretical curves for thermal conductivity enhancements, obtained
from Hamilton-Crosser (HC) and classical Maxwell-Garnett (MG) models,
are also shown in the corresponding figures.
Variation in k/kf and thermal conductivity enhancement (in %) in the solid
state, as a function of concentration, for the PCM loaded with (a) α-Al2O3,
(b) GNP, (c) MWCNT and (d) CBNP nano-inclusions.
Optical phase contrast microscopy images of the PCM loaded with various
concentrations (in vol. fractions, ϕ) of CBNP nano-inclusions in the liquid
(L) and solid (S) states. (a) ϕ = 0.004 in L, (b) ϕ = 0.007 in L, (c) ϕ = 0.015
in L, (d) ϕ = 0.004 in S, (e) ϕ = 0.007 in S and (f) ϕ = 0.015 in S.
Variations in k/kf and thermal conductivity enhancement (in %) during
repeated thermal cycling for the PCMs loaded with (a) α-Al2O3, (b) GNP, (c)
MWCNT and (d) CBNP nano-inclusions.
A few time-stamped snapshots from the phase contrast optical microscopy
video analysis, during solidification of the PCM loaded with 0.02 vol.
fraction of CBNP nano-inclusions. The time stamps are: (a) 8 s, (b) 21 s, (c)
39 s, (d) 49 s, (e) 70 s, (f) 80 s, (g) 90 s, (h) 100 s, (i) 103 s, (j) 107 s, (k) 110
s and (l) 150 s. The dashed arrows in magenta, in (b, d and e), indicate the
solidification wave fronts which represented solidification induced stress
fields in the PCM host matrix. The solid red arrows in (a-b) show the
formation of an interconnected cluster. The solid encircling in light blue, in
(e-g), shows formation of another inter-connected cluster. The dashed
encircling in deep blue, in (b, e, h and l), shows the formation of more
closely packed cluster. The solid arrows in orange, in (i-k) show a dynamic
event, where a smaller cluster gets attached to a larger cluster during
freezing.
(a) Schematic representation of the formation of percolation network in
nano-inclusion loaded PCM. (Inset) Schematic showing the formation of a
percolation contact between two nano-inclusions aggregates. The phonon
mediated heat transfer is severely attenuated in the entrapped liquid layer inbetween the nano-inclusions. The entrapped liquid layer is eventually
expelled during freezing of the PCM due to solidification induced stress
field, leading to efficient percolative heat transfer. (b) Bar chart comparing
the k/kf of the PCM loaded with α-Al2O3, GNP, MWCNT and CBNP nanoinclusions, in the solid state. The percentage enhancement in thermal
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conductivity is also shown in the figure. The loading concentration was kept
constant at 0.02 vol. fraction.
Fourier transform infrared (FTIR) spectra of (a) pristine PW, HD and PWHD; (b) pristine PW, CBNP and CBNP loaded PW; (c) pristine PW-HD,
CBNP and CBNP loaded PW-HD. The major absorption bands are indexed
and Table 5.1 shows the detailed descriptions.
Variation of k/kf and percentage enhancement in thermal conductivity during
consecutive thermal cycling of (a) PW and (b) PW-HD based PCMs,
without any CBNP loading. Optical phase contrast microscopy (10X)
images of pristine (c) PW and (d) PW-HD, in the solid state. AFM
topography image (50 μm × 50 μm) of pristine (e) PW and (f) PW-HD.
Heat flow curves during melting of (a) PW and (b) PW-HD based PCMs,
loaded with various concentrations of CBNP.
Variations of peak phase transformation temperature and latent heat, as a
function of CBNP loading, during solid-liquid phase transformation of (a)
PW and (b) PW-HD based PCMs. (c) Variation of refractive indices of PW
and PW-HD based PCMs, without any CBNP loading, during melting and
solidification cycles. Typical photographs of pristine PW in (d) liquid and
(e) solid states. Typical photographs of pristine PW-HD in (f) liquid and (g)
solid states.
Typical infrared images for PW, during freezing, at time t = (a) 0, (b) 100,
(c) 200, (d) 300, (e) 400, (f) 600, (g) 1000, (h) 1200, (i) 1500 and (j) 1800 s.
Typical infrared images for PW-HD, during freezing, at time t = (k) 0, (l)
100, (m) 200, (n) 300, (o) 400, (p) 600, (q) 1000, (r) 1200, (s) 1500 and (t)
1800 s. For easy interpretation, pseudo colour coded temperature scales were
provided along with the infrared images.
IRT based variation of sample temperature, as a function of time, for PW
and PW-HD based PCMs, without any CBNP loading, during cooling. For
comparison, the temperature decay curve for de-ionized water is also shown
in the figure. The reference temperature of ~ 37 0C is indicated by the
dashed horizontal line. The phase transformation regions for PW and PWHD are encircled in black. (Inset) Bar chart comparing the cooling time (i.e.
the time required to attain the reference temperature of 37 0C) for de-ionized
water, PW and PW-HD.
Variation of k/kf and percentage enhancement in thermal conductivity, as a
function of temperature, for (a) PW and (b) PW-HD based PCMs loaded
with various concentration of CBNP. The variation of k/kf can be divided
into three distinct regions, viz., region-I, II and III, which corresponded to
the liquid state, phase transformation region and solid state, respectively.
Optical phase contrast microscopy (10X) images of (a) PW and (b) PW-HD
based PCMs, in the solid state, loaded with 0.5 wt. % CBNP. (c) Magnified
view (10X) of a region of (a), where the formation of percolating heat
transfer pathways can be clearly visualized. (d) Magnified view (40X) of a
single large cluster of CBNP nano-inclusions in PW-HD, from (b). Here, the
presence of needle like microstructure in the host matrix is clearly
discernible. Optical phase contrast microscopy (10X) images of (e) PW and
(f) PW-HD based PCMs, loaded with 2.0 wt. % CBNP. Here, the presence
of quasi-2D network of CBNP nano-inclusions can be clearly seen. For
higher loading fractions of CBNP, larger network of percolating structures
formed within the PCMs, eventually spanning over the entire host matrices.
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Figure 5.16

Variation of k/kf and percentage enhancement in thermal conductivity of (a)
PW and (b) PW-HD based PCMs, in the liquid state, as a function of CBNP
concentration. The theoretical curves for thermal conductivity
enhancements, obtained from Hamilton-Crosser (HC) and classical
Maxwell-Garnett (MG) models are also shown in the corresponding figures.
Variation of ln(k) as a function of CBNP loading concentration (in volume
fraction) for (a) PW and (b) PW-HD based PCMs, in the solid state. The
linear regression analyses, obtained from Eq. 4, following Agari & Uno
model, are also shown in the corresponding figures. The values of the
empirical constants (β1& β2) were estimated from the linear regression
analyses.
Variation of k/kf and percentage enhancement in thermal conductivity during
repeated thermal cycling of (a) PW and (b) PW-HD based PCMs, loaded
with 1.5 wt. % of CBNP. Heat flow curves for (c) PW and (d) PW-HD based
PCMs, without any CBNP loading, in the virgin condition as well as after
100 thermal cycles. (Inset of c and d) Bar chart comparing the variations of
peak phase transformation temperature and latent heat values between the
virgin condition and after 100 thermal cycles for PW and PW-HD based
PCMs, respectively.
(a) Variation in temperature rise, as a function of time, for the PW based
PCMs loaded with various concentrations of CBNP during photo-thermal
studies. (b) Variation of initial rates of temperature rise and maximum
temperature rise (ΔTmax) at t = 700 s, as a function of CBNP loading for the
PW based PCMs. The linear regression analyses are also shown in the
figure. (c) A bar chart comparing the percentage enhancement in photothermal conversion efficiency as a function of CBNP loading for the PW
based PCMs.
FTIR spectra of the CBNP a loaded PCM, where all the major absorption
bands are indexed and detailed descriptions are provided in Table 5.6. For
comparison, the FTIR spectra of the pristine PCM, without any nanoinclusions, are also shown.
(a) Heat flow curves of the CBNP loaded LA-based PCMs. For comparison,
heat flow curve of the pristine LA is also shown. (b) Variation of onset, peak
and endset temperature as a function of CBNP loading. (c) Variation of
experimental and calculated latent heat as a function of CBNP loading.
(a) Variation of the refractive index as a function of temperature for pristine
LA, during melting and solidification. The phase transition region is
indicated in the figure. (Insets) Typical photographs of LA in the solid and
liquid states. Typical infrared images for LA during cooling, when placed
within a temperature-controlled water bath at time t = (b) 0 and (c) 500 s.
The pseudo colour coded temperature scales are also shown. (d) Average
temperature decay, during natural cooling, obtained from infrared
thermography. For comparison, the temperature decay curve for de-ionized
water is also shown. The horizontal line indicates the water bath
temperature. (Inset) Bar chart comparing the cooling times for de-ionized
water and LA. (e) Bar chart comparing the phase transition temperatures for
pristine LA, estimated from three different experimental techniques, viz.
differential scanning calorimetry (DSC), refractive index (RI) measurement
and infrared thermography (IRT) based temperature mapping.
(a) Variation of k/kf and percentage enhancement in thermal conductivity as
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a function of temperature for pristine LA. Here, k and kf indicate
temperature dependent thermal conductivity and thermal conductivity of LA
in the liquid state (at T = 52 0C), respectively. The variation of k/kf was
divided into two distinct regions, viz. liquid and solid states (as indicated in
the figure). The shaded region in the figure indicate the phase transition
region. (b) Variations in k/kf and percentage enhancement in thermal
conductivity in the liquid (T = 52 0C) and solid (T = 25 0C) states for pristine
LA, during consecutive melting/freezing cycles (thermal cycles).
Variations of k/kf and percentage enhancement in thermal conductivity, as a
function of temperature, for the LA based PCMs loaded with various
concentrations of CBNP nano-inclusions. The variation of k/kf was divided
into two regions, viz. liquid and solid states and the shaded regions indicated
the phase transition region. For comparison, variation of k/kf in the case of
pristine LA is also shown.
A few typical still micrographs, extracted from the real-time optical phase
contrast video microscopy (multimedia file SV1.avi in the supplementary
information), corresponding to t = (a) 0, (b) 5, (c) 10, (d) 15, (e) 17, (f) 19,
(g) 21, (h) 23, (i) 25, (j) 30, (k) 35 and (l) 40 s. Formation of nano-inclusion
clusters and percolating network are evident from the images and the
legends are explained in the text. A typical percolating heat transfer path is
schematically shown by the zig-zag arrows in (k).
Variations of k/kf and percentage enhancement in thermal conductivity in
the liquid state, as a function of concentration (in vol. fraction, ϕ), for the
LA-based PCMs loaded with CBNP nano-inclusions. The theoretical
thermal conductivity enhancement curves obtained from the classical
Maxwell-Garnet (MG) and Hamilton-Crosser (HC) models are also shown.
Variations of k/kf and percentage enhancement in thermal conductivity in
the solid state, as a function of concentration (in wt. %), for the PCMs
loaded with CBNP nano-inclusions. For the CBNP loaded PCMs, thermal
conductivity enhancements increased linearly with concentration and the
linear regression analysis (Adj. R2 ~ 0.96) is shown in the figure.
Optical phase contrast microscopy images of the (a) pristine PCM and PCMs
loaded with (b) 0.5, (c) 1.5, (d) 2.5, (e) 3.5 and (f) 4 wt. % CBNP nanoinclusions, in the solid state.
Heat flow curves in the virgin condition and after 100 thermal cycles for the
(a) pristine PCM and (b) PCMs loaded with 2 wt. % of CBNP nanoinclusions. The peak phase transition temperature and latent heat values
were computed from the heat flow curves and the numerical values are
shown in Table 5.9.
Typical photographs of the (a) conventional and (b) form-stable PCMs at
time t = 0 s, when placed on a hot plate maintained at ~50 0C. Typical
photographs of (c) conventional and (d) form-stable PCMs at time t = 60 s.
Typical photographs of (e) conventional and (f) form-stable PCMs at time t
= 100 s. (g) Side view of the conventional (left) and form-stable (right)
PCMs at time t = 300 s. (h) Heat flow curves of the conventional and formstable PCMs. Load bearing capacity of the form-stable PCM under (i) 3.5 kg
and (j) 7.0 kg loads.
Typical infrared images of the PCM loaded with 3.5 wt. % CBNP nanoinclusion at time t = (a) 100 and (b) 500 s during the heating stage, under
artificial solar light irradiation. (c) Typical photo-thermal heating and
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subsequent natural cooling curves for the PCM loaded with 3.5 wt. % of
CBNP nano-inclusions. (d) Temperature rise (ΔT = T – 20 0C) curves for the
PCM loaded with 1, 2, 3 and 3.5 wt. % CBNP nano-inclusions. For
comparison, temperature rise curve for the pristine PCM, without any nanoinclusion loading, is also shown. The shaded region indicates the phase
transition region. (e) The initial rates of temperature rise as a function of
CBNP loading. (f) Bar chart showing the percentage enhancement in photothermal conversion efficiency as a function of CBNP loading concentration.
FTIR spectra of palmitic acid (PA), n-hexadecane (HD) and shape-stable
PCM. All the major absorption bands are indexed and Table 6.1 shows the
details.
FTIR spectra of the PA-HD shape-stable PCM loaded with carbon black
nanopowder (CBNP). For comparison, the spectra of the pristine PCM is
also shown in the figure. All the major absorption bands are indexed and
Table 6.1 shows the details.
Heat flow curves for (a) n-hexadecane and (b) palmitic acid, obtained from
differential scanning calorimetry studies.
Heat flow curve for the shape-stable PA-HD PCM, obtained from
differential scanning calorimetry studies.
Variation of k/kf and percentage enhancement in thermal conductivity of the
shape-stable PCM, upon loading with various concentrations of CBNP nanoinclusions. For comparison, the variation for pristine PCM is also shown in
the figure.
Optical phase contrast microscopy images of (a) pristine shape-stable PCM;
and PCMs loaded with (b) 0.005, (c) 0.01, (d) 0.05, (e) 0.075 and (f) 0.1 wt.
% CBNP nano-inclusions. The phase contrast images were acquired in the
solid state.
Variation of k/kf and percentage enhancement in thermal conductivity as a
function of CBNP loading for the shape-stable PA-HD binary PCM.
Testing of shape-stability of PA-HD binary PCM. Typical images of pure
hexadecane PCM, maintained at T ~ 30 0C, at time t = (a) 0, (b) 4, (c) 8, (d)
12 and (e) 16 minutes. Material leakage is evident from the pure hexadecane
PCM. Typical images of PA-HD binary shape-stable PCM in the pristine
condition and upon loading with 0.1 wt. % carbon black nano powder
(CBNP, in short CB in the figures), maintained at T = 30 0C, at time t = (f) 0,
(g) 4, (h) 8, (i) 12 and (j) 16 minutes. No material leakage was discernible in
the case of the shape-stable PCM.
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1.1 Introduction
Proper understanding and manipulation of thermal energy remains the cornerstone of
technological progress of human race. Towards the middle of 19th century, path breaking
scientific works of Joule and Clausius established the modern theory of heat and
thermodynamics and conservation of heat energy was established as the principal scientific
law governing heat flow. Later contributions of Boltzmann and others paved the way for
kinetic theory of heat and established the concept of entropy as the driving force for heat
transfer. Heat and thermodynamics revolutionized process industries, chemical and
metallurgical plants, steam engines, combustion engines, steel and alloy making. Thermal
energy remains the single most significant driving force towards industrial progress and
technological marvels of mankind.
World-wide, fossil-fuel plants are the primary sources of energy and depletion of the fossilfuel reserves and the ever-increasing gap between the demand and supply had resulted in
dedicated scientific research on energy conservation, storage and management [1]. Further,
stricter carbon-emission norms, environmental degradation and pollution control call for
effective storage, conversion and optimal utilization of energy to close the energy-efficiency
gap [2]. Due to the huge demand of thermal energy, improvement in thermal energy
management will result in significant savings on energy economy [3]. Thermal energy
storage has been proposed as the key element for efficient management and optimal usage of
renewable energy and industrial waste heat [1, 3-5]. Thermal energy storage using sensible,
latent and thermochemical modes have been successfully demonstrated [1, 6-22]. In the quest
of optimizing energy storage, management and fabrication of thermal energy storage
materials with higher energy storage density and desired thermo-physical properties,
1
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nanotechnology has been successfully adopted to prepare nano-enhanced thermal energy
storage (NETES).
The word “nano” is derived from the Greek word ‘nanos’ meaning dwarf and nano scale
indicate a length scale of 10-9 m (1 inch ~ 25, 400, 000 nm). Nanotechnology is largely
defined as the science, engineering and technology at the nanoscale and is focussed on
fundamental understanding and applications of such nano-objects in various branches of
science, like physics, chemistry, biology, material science, energy and engineering [23].
Nanotechnology has found widespread application in various sustainable energy solutions
[24], viz. photovoltaic technology [25, 26], hydrogen production [27, 28], hydrogen transport
[29], fuel cells [30, 31], supercapacitors [32, 33], rechargeable batteries [34, 35], nanofluid
coolants [36-51] and thermal energy storage [52-71].

1.2 Energy sources
The most widely used energy sources can be classified into two categories, viz. renewable
and non-renewable sources. Solar-energy, geothermal, wind, wave and tide, biomass and
hydroelectric energy sources are renewable sources [72]. On the other hand, fossil-fuel power
plants (coal and natural gas based) and nuclear power plants are the major non-renewable
energy sources. The following sections briefly discuss the most prominent energy sources.

a) Fossil-fuel power plants
Fossil fuel power plants are the most widely used energy sources in the world. Though, ~ 85
% of world’s energy demand is met with these kinds of power plants, fossil-fuel power plants
also contribute to ~ 40 % of man-made CO2 emissions, which is a global concern [3]. The
fossil-fuel plants utilize, coal, natural gas and petroleum as primary fuels and plant
thermodynamics is based on Rankine (steam as working fluid) or Brayton (air as working
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fluid) cycles with ~ 35 % efficiency. Though fossil-fuel power plants are the most popular
source of energy, strict emission norms, depleting fuel levels and high parasitic losses have
made alternative energy sources ecologically attractive. Further, research is also going on to
improve the efficiency of fossil-fuel power plants.

b) Nuclear power plants
Nuclear power plants generate electricity from controlled nuclear fission of nuclear fuels
(primarily uranium based). Though inherently safe, nuclear power plants are complex and
requires highly trained man-power for operation. World-wide efforts are pursued to construct
and operate more advanced nuclear powerplants with high efficiency and load cycling
capabilities [3].

c) Geothermal energy sources
Due to planetary accretion and radioactive decay, huge amount of heat is stored in the layers
below the earth’s thin crust. Geo-thermal energy is renewable in the long term and
geothermal power plants are mostly located near the earth’s plate tectonics, where geothermal fluid is available at comparably lower depths with temperature ~ 180 0C, which is
used for steam generation [73].

d) Biomass and other renewable power plants
Biomass power plants generate power from combustions of wood or municipal wastes, biogas and bio-fuels like ethanol. Though bio-mass plants emit CO2, unlike fossil-fuel power
plants, biomass plants are renewable [3]. Hydropower or tidal plants utilize the kinetic energy
of water flow or tides. On the other hand, wind energy utilizes the kinetic energy of natural
air flow.
3
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e) Solar power plants
At present estimation, solar energy will be available for another 4 billion years and therefore
it is one of the most reliable renewable sources of energy. Solar energy harvesting is underutilized and world-wide active research is being pursued for optimizing the solar energy
utilization. At the earth’s surface, intensity of solar energy ~ 1000 W/m2, which is sufficient
for low energy applications [3]. For high energy applications, solar photo-voltaic plants
(direct conversion of solar energy to electrical energy) or concentrated solar power plants
(conversion of concentrated solar energy to thermal energy) are used [3, 74].

f) Industrial waste heat
Excess heat generated by various industrial processes, including fossil-fuel and nuclear power
plants, are usually wasted, thereby adding more CO2 emissions. In order to reduce
greenhouse emissions, effective utilization of available energy resources and to optimize
plant efficiency, industrial waste heat recovery is one of the most prudent approach [3].
Thermal energy storage using passive and active approaches are generally used for recovery
and utilization of industrial waste heat in beverage, food, textile, paper, wood, chemical
industries [75].

1.3 Thermal energy storage (TES) systems
In today’s world, the main forms of energy consumption at the user-end are electrical, heat
and mechanical work. Improvement in management of thermal energy is one of the most
sagacious and prudent approach for energy economy and thermal energy storage (TES)
systems positively impact energy security and green house emission. Different large-scale
thermal energy storage systems have been coupled with renewable energy sources to improve
4
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the energy conversion efficiency and availability of power during off-peak hours. Table 1.1
describes a few industrially commissioned large-scale operational thermal energy storage
systems [17, 18, 76, 77]. Based on the type of heat energy involved, thermal energy storage
systems are classified into three types of systems, viz. sensible heat thermal energy storage
systems (SHTES), chemical energy storage systems (CES) and latent heat thermal energy
storage systems (LHTES). Fig. 1.1 shows the classification of thermal energy storage
systems.

Table 1.1 Details of a few industrially commissioned large-scale thermal energy storage
systems.
Location

Energy
source
Solar

TES system

Applications

Reference

Nevada, USA

Capacity
(MWh)
105

Solar salt

[18]

Themes, France

40

Solar

Hitect salt

Marstal,
Denmark
Friedrichshafen,
Germany
Kungalv,
Sweden
La
Florida
Badajoz, Spain

19, 000

Solar
+
biomass
Solar
+
natural gass
Industrial
waste heat
Solar
parabolic
trough

Water

Electrical
power
generation
Electrical
power
generation
District heating
network
District heating
network
District heating
network
Electrical
power
generation

4, 106
90, 000
1, 010

Water
Water
Molten salt

[18]

[76]
[77]
[76]
[17]

1.3.1 Sensible heat thermal energy storage (SHTES) systems
Sensible heat thermal energy storage (SHTES) systems are the most commonly used thermal
energy storage systems. Less technical complexity, low cost, mature technology and long
lifetime are the major benefits of SHTES systems [5]. SHTES have been used for centuries,
where the major drawback is the requirement of larger volume, as compared to other kinds of
5
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thermal energy storage systems [52]. In SHTES systems, the energy storage materials (solids,
liquids or salts) absorb or release heat during the charging or discharging process without
undergoing phase transformation.

Figure 1.1 Classifications of thermal energy storage (TES). SHTES, CES and LHTES
indicate sensible heat thermal energy storage, chemical energy storage and latent heat thermal
energy storage systems, respectively.

During charging, temperature of the storage material increases due to heat transfer from the
source to the material, which is subsequently extracted during the discharging process. The
amount of energy storage depends on the specific heat capacity (cp) and temperature change
during the charging/discharging cycles. The energy storage in SHTES system (Qsen) is
expressed by the following equation [78, 79].
Tf

Qsen   mc p dT  mc p (T f  Ti )
Ti

6
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Here, Ti and Tf indicate initial and final temperature and m is the mass of the SHTES system.
Among various storage materials, water is the most beneficial one due to the highest specific
heat capacity and low cost. However, several solids, liquids and salts have been used for
sensible heat storage systems and Table 1.2 tabulates a few [5, 22]. The average density and
thermal conductivity and heat capacity values are also indicated Table 1.2.

Table 1.2 Details of a few candidate materials for sensible heat thermal energy storage
along with the operating temperature range, average density, thermal conductivity and
specific heat capacity.
Type of
media

Liquid

Solid

Storage media

Temperature
range (0C)

Average
density
(kg/m3)

Average thermal
conductivity
(W/mK)

Mineral oil
Silicon oil
Synthetic oil
Liquid sodium
Cast iron
Cast steel
Sand-rock
Mineral oil
Reinforced
concrete
NaCl (solid)
Silica fire
bricks
Magnesia fire
bricks
Salt-ceramics
NaCO3BaCO3/MgO

200-300
300-400
250-350
270-530
200-400
200-700
200-300

770
900
900
850
7200
7800
1700

0.12
0.10
0.11
71.0
37.0
40.0
1.0

Average
specific heat
capacity
(kJ/kgK)
2.6
2.1
2.3
1.3
0.56
0.60
1.30

200-400

2200

1.5

0.85

200-500
200-700

2160
1820

7.0
1.5

0.85
1.0

200-1200

3000

5.0

1.15

500-850

2600

5.0

420

450-850
250-450
265-565

2100
1825
1870

2.0
0.57
0.52

1.8
1.5
1.7

Salts
Carbonate salts
Nitrite salts
Nitrate salts
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1.3.2 Chemical energy storage (CES) systems
During reversible chemical reactions, molecular bonds are broken and reformed in a
reversible manner. During chemical reactions, there exist a difference between the enthalpy
of the products and the reactants, which is called the heat of the reactions. Chemical reactions
are classified as endothermic or exothermic depending on whether heat is absorbed or
released during the reaction. In chemical energy storage (CES) systems, the thermal energy
associated with a chemical reaction is stored. The amount of energy stored in a CES system
(Qchem) is expressed by the following equation [5].

Qchem  ma r  h

(1.2)

Here, m, Δh and ar indicate the mass of the storage material, heat of reaction and extent of
conversion, respectively. The major TES systems include ammonia decomposition, methane
reforming, metal hydride, redox and carbonate decomposition systems [5]. The major TES
systems along with the relevant chemical equations and reaction temperatures are listed in
Table 1.3 [5, 7].

Table 1.3 Common chemical energy storage systems (CES) along with the chemical
reactions and reaction temperatures.

CES system

Reaction equation

Ammonia decomposition
system
Methane reforming system

1
3
N2  H2
2
2
CH4 + CO2 = 2CO + 2H2
CH4 + H2O = CO + 3H2
MgH2 = Mg + H2
2BaO2 = 2BaO + O2
2Co3O4 = 6CoO + O2
CaCO3 = CaO + O2

Metal hydride system
The redox system
Carbonate decomposition
system
Inorganic hydroxide system

NH 3 

Ca(OH)2 = CaO + H2O
Mg(OH)2 = MgO + H2O

8

Reaction
temperature (0C)
400-700
700-860
600-950
250-500
127-1027
700-850
700-1000
350-900
100-167
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Energy storage density of CES system is ~ 15 times that of SHTES systems and ~ 6 times of
latent heat thermal energy storage systems [8]. Another major benefit of TES system is that
theoretically, a closed system with reactants and products separated can store the energy
indefinitely, which is essential for trans-regional transport of thermal energy [5]. The working
principle and long-term energy storage of a typical CES system is schematically shown in
Fig. 1.2. In the first step, the reactant C absorbs thermal energy, in a region where heat is in
abundance, to form the products A and B during an endothermic charging process. The
products A and B are separately encapsulated and transported to a region, where heat is not in
abundance (cold environment). If the physical barrier between the products A and B is
removed, then A and B chemically reacts together to form C and heat is extracted during the
discharging process, which is exothermic in nature. The concept of CES systems is relatively
new and the technology is immature. However, the high energy storage density and
possibility of transregional transport have made CES one of the most promising thermal
energy storage solution.

Figure 1.2 Schematic illustration of a chemical energy storage (CES) system.
9
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1.3.3 Latent heat thermal energy storage (LHTES) systems
Latent heat thermal energy storage (LHTES) systems store thermal energy in the form of
latent heat during phase transitions (like solid to liquid) of materials. Latent heat storage is
one of the key areas of research in the last few decades due to its ability to store excess
energy, that would otherwise be wasted, at a constant or near constant temperature
corresponding to the phase transition temperature of the PCM and its high storage density
[52, 80]. It has been reported that a typical latent heat storage system can store 3-4 times
higher thermal energy per unit volume, as compared to a sensible heat storage system for a
temperature increment of 20 0C [4]. Fig. 1.3 schematically shows the sensible and latent heat
thermal energy storage principles. The heat storage capacity of a LHTES can be expressed by
the following equation [4].
Tf

Tm

Q 

 mC

ps

d T  m a m  hm 

Ti

 mC

pl

dT

(1.3)

Tm

Here, Q, m, Cps, Cpl, Tm, Ti, Tf, am and Δhm indicate heat storage capacity, mass of the storage
material, specific heat in the solid state, specific heat in the liquid state, melting point, initial
temperature (< Tm), final temperature (> Tm), melting fraction and specific enthalpy change,
respectively. The LHTES materials also absorb sensible heat before and after phase
transitions. It is evident from Eq. 1.3 that the heat storage capacity of a LHTES is partly due
to sensible heat and partly due to latent heat. It can be further seen from Eq. 1.3 that LHTES
heat storage capacity primarily depends on the phase transition temperature and the
associated enthalpy change.
The most widely used materials for LHTES are phase change materials (PCMs), which are
discussed in the subsequent sections. Table 1.4 compares the properties, advantages and
drawbacks of three types of thermal energy storage systems, viz. sensible heat thermal energy
storage, chemical energy storage and latent heat thermal energy storage systems [5].
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Figure 1.3 Schematic illustration of sensible and latent heat thermal energy storage
principles.

Table 1.4 Properties, advantages and drawbacks of three types of thermal energy
storage systems, viz. sensible heat thermal energy storage (SHTES), chemical energy
storage (CES) and latent heat thermal energy storage (LHTES) systems.

Properties
Heat loss
Energy density
Temperature
range
Transport
Lifetime

SHTES
Significant heat
over time
Low (0.2 GJ/m3)
Charging
temperature
Small distance
Long

CES
loss Small heat loss

step

Advantages

Low cost and mature
technology

Disadvantages

Significant heat loss
over
time,
Large
volume needed

Technical
complexity

Simple

LHTES
Significant heat loss
over time
Very high (0.5-3 GJ/m3) High (0.3-0.5 GJ/m3)
Ambient temperature
Charging
step
temperature
Unlimited theoretically
Small distance
Theoretically indefinite. Limited
Practically depends on
reactant degradation and
side reactions
High storage density, Small volume and
long distance possibility, moderately high energy
low heat losses
storage density
Technologically
Low
thermal
complex, high costs
conductivity, materials
leakage during phase
transition,
significant
heat losses
Complex
Less complex
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1.4 Phase change materials (PCMs)
Phase change materials (PCMs) are materials that absorb (during melting) and release (during
solidification) relatively large amounts of latent heat during phase transition at a nearly
constant temperature. The use of phase change material for latent heat thermal energy storage
applications has attracted much attention in the recent years due to their self-nucleating
properties, chemical stability, high heat of fusion, safe and non-reactive nature [81]. The
temperature of PCMs increases during the heating process (charging) up to the phase
transition temperature (melting point) and subsequently the stored energy is extracted during
cooling (discharging process). Fig. 1.4a schematically shows the working principle of PCMs.
During absorption of thermal energy, the vibrational energy of the molecules increases
ultimately leading to breaking of bonds during the melting process. The latent heat of phase
transition is associated with the energy required for overcoming the molecular interactions
and breaking of bonds during the melting process [82]. During cooling solidification occurs
and the energy gained is available for extraction. Fig. 1.4b schematically shows the flow of
thermal energy during solidification and melting in a PCM.

Figure 1.4 (a) Schematic illustration of the working principle of a typical PCM. (b)
Schematic illustration of thermal energy flow during melting and solidification of a PCM.
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1.4.1 Classifications of phase change materials
The PCMs are classified based on the range of phase transition temperature or types of phase
transition and nature of PCMs (organic or inorganic) [1, 83]. PCMs which undergo phase
transition below 15 0C are classified as low temperature PCMs. The low temperature PCMs
are suitable for applications in food industry, air conditioning and low temperature solarthermal applications [84]. PCMs with phase transition temperature in the range of 15-90 0C
are classified as mid-temperature PCMs, which are found to be suitable for solar-thermal,
bio-medical, textile, electronic and thermoregulation applications. On the other hand, high
temperature PCMs (phase transition temperature beyond 90 0C) are useful for industrial and
aerospace applications [80].
PCMs are also classified by the nature of phase transition, viz. solid-solid, solid-liquid or
liquid-gas types PCMs. In solid-solid phase transitions, thermal energy is stored when
material is transformed from one crystal structure to another. Generally, the latent heat values
associated with solid-solid phase transitions are low, as compared to the solid-liquid or
liquid-gas transitions. However, solid-solid transitions offer the advantages of less stringent
container requirements and greater design flexibility [1]. Table 1.5 shows a few solid-solid
phase transformation type PCMs [1, 85-88]. In the cases of solid-liquid and liquid-gas types
PCMs, the latent heat of phase transformation is higher. For liquid-gas types phase
transformation, the change in volume is often huge, which restricts the applications of such
liquid-gas PCMs for thermal energy storage due to pressure induced instability and
complexity in fabrication. On the other hand, change in volume during phase transition is ~
10% or less for liquid-solid phase transition types PCMs, which makes them ideal candidates
for practical thermal energy storage applications [10, 78]. Based on chemical compositions,
solid-liquid phase transition types PCMs can be further subdivided into three categories, viz.
inorganic, organic and eutectic PCMs [19]. Inorganic PCMs can be further classified into
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three groups, viz. inorganic compounds, salt hydrates and metallics. On the other hand,
organic PCMs can be paraffin based, fatty acid based and other types of organic compounds.
Eutectic PCMs can be organic-organic or organic-inorganic type eutectics. Fig. 1.5 shows the
classifications of PCMs. The inorganic, organic and eutectic PCMs are briefly described in
the subsequent sections. Table 1.6 shows the advantages and disadvantages of inorganic,
organic and eutectic PCMs [4, 10, 20, 78, 83, 89-94].

Table 1.5 Solid-solid phase transformation types PCMs.
Name

Phase transition
temperature (0C)
Pentaerythritol
~ 186
Pentaglycerine
~ 82
Neopentylglycol
~ 42-44
Tris[hydroxymethyl]aminomethane
~ 132-135

Figure 1.5 Classification of PCMs.
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Latent heat
(kJ/kg)
289-340
~ 173
110-120
~ 285-296

Reference
[1, 85-87]
[1, 85, 88]
[1, 85, 86, 88]
[1, 86, 87]
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Table 1.6 Advantages and disadvantages of inorganic, organic and eutectic PCMs.
Type of PCMs

Inorganic

Organic

Eutectic

Advantages
 High
thermal
conductivity.
 Sharp melting point.
 High latent heat.
 Low cost and wide
availability.
 Low volume change
during phase transition.
 High volumetric heat
storage capacity.
 Compatible with plastic
material.
 Non-flammable.
 Large temperature range.
 High latent heat.
 Little or no supercooling
requirements.
 High thermal & chemical
stability.
 Congruent phase-change.
 Good compatibility with
construction materials.
 Safe handling, nonreactive & recyclable.
 Sharp
melting
temperature.
 Volumetric
thermal
storage density higher
than organic PCMs.
 No phase segregation and
congruent phase-change.

Disadvantages
Poor nucleating properties.
Requires supercooling.
Corrosive in nature.
Decompose quickly.
Not compatible with some
construction materials.
 Phase segregation during
transition.
 Thermal stability degrades
with times.






 Inherent
low
thermal
conductivity.
 Flammable.
 Comparatively
large
volume change.
 Not compatible with a few
plastic materials.
 Lower volumetric latent
heat storage capacity.

 Limited
data
on
thermophysical properties.
 Preparation
is
more
complex compared to
inorganic
or
organic
PCMs.

1.4.2 Inorganic PCMs
Inorganic PCMs can be classified into three subcategories, viz. metallic, inorganic substances
and salt hydrates [1]. Metallic inorganic PCMs include low melting metals (caesium, gallium
etc.), high melting metals (aluminum, magnesium, etc.) and their alloys. Table 1.7 shows a
few metallic PCMs along with the corresponding melting points and latent heat values [1, 9597]. Metallic PCMs have large thermal conductivity, high thermal reliability and provide
15

Chapter 1
large volumetric storage capacity [98]. However, the use of such metallic PCMs are restricted
due to the mechanical and structural problem associated with excess weight and
comparatively lower latent heat values, especially for low melting metals and alloys.

Table 1.7 Description of a few metallic PCMs
Material
Caesium
Tin
Zinc
Magnesium
Aluminum
Bismuth-indium
alloy
Gallium
Bismuth-cadmiumindium alloy

Melting point (0C)
~ 29
~ 232
~ 419
~ 648
~ 661
~ 72

Latent heat (kJ/kg)
~ 16.5
~ 60.5
~ 112
~ 365
~ 388
~ 25

Reference
[95]
[95]
[96]
[96]
[96]
[97]

~ 30
~ 61

~ 80
~ 25

[97]
[97]

Several inorganic substances, like NaNO3, KNO3, LiNO3, MgCl2, KF, LiF etc. have been
used as inorganic PCMs due to high latent heat per unit mass and lower cost [79]. Among
various inorganic substances, LiH and KClO4 exhibit high heat of fusion (~ 2678 and 1253
kJ/kg, respectively), which makes them attractive candidates for thermal energy storage
applications [99]. Table 1.8 shows a few inorganic substances used as inorganic PCMs for
latent heat thermal energy storage applications [1, 99]. The melting temperature and heat of
fusion are also indicated in Table 1.8. However, degradation in thermal stability over time
and corrosiveness are the major drawbacks of such inorganic PCMs. Various salt hydrates
have also been used as inorganic PCMs for thermal energy storage applications. In salt
hydrates, water molecules are bound to the crystal matrix during solidifications and the
general formula for such salt hydrates can be expressed as AB.nH2O [1]. Large latent heat
and high thermal conductivity (~ double of that of organic PCMs) are the major benefits of
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such salt hydrates (like CaCl2.6H2O, Na2SO4.10H2O, etc.) as PCMs [84]. Table 1.9 shows a
few salt hydrates used for latent heat thermal energy storage applications [1, 14, 100-105].
However, salt hydrates show instability due to separation of water molecules from the crystal
matrix during consecutive thermal cycles, which results in a decrease of latent heat over a
period of time [106]. Additionally, salt hydrates are also prone to supercooling requirements
and are corrosive to metals [1, 106].

Table 1.8 A few inorganic substances suitable for latent heat thermal energy storage.
Material

Melting point (0C)

NaF
MgF2
LiF
LiH
KClO4
Na2O2
LiNO3
AlCl3
NaNO3
KNO3
MgCl2
KF

~ 993
~ 1271
~ 868
~ 699
~ 527
~ 360
~ 250
~ 192
~ 307
~ 333
~ 714
~ 857

Heat of fusion
(kJ/kg)
~ 750
~ 936
~ 932
~ 2678
~ 1253
~ 314
~ 370
~ 280
~ 172
~ 266
~ 452
~ 452

Reference
[99]
[99]
[99]
[99]
[99]
[99]
[99]
[99]
[1]
[1]
[1]
[1]

Table 1.9 A few inorganic salt hydrates suitable for latent heat thermal energy storage.
Material

Melting point (0C)

Zn(NO3)2.6H2O
CaCl2.6H2O
Na2SO4.10H2O
Mn(NO3)2.6H2O
LiClO3.3H2O
Na2CO3.10H2O
KF.4H2O
CaBr2.6H2O
Na2HPO4.12H2O
Na2S2O3.5H2O
Na(CH3COO).3H2O
Ba(OH)2.8H2O
MgCl2.6H2O

~ 36
28-30
~ 34
~ 25
~8
~ 33
18-19
~ 34
35-454
48-55
~ 58
~ 78
~ 117

Heat of fusion
(kJ/kg)
~ 147
190-200
~ 256
~ 126
~ 253
~ 247
~ 231
~ 116
~ 280
~ 201
~ 226
~ 266
~ 169
17

Reference
[1]
[100, 101]
[102]
[102]
[103]
[103]
[14]
[104]
[104]
[104]
[105]
[105]
[105]
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1.4.3 Organic PCMs
Compared to inorganic PCMs, organic PCMs have several advantages, viz. high latent heat,
lower vapour pressure during melting, negligible requirement of supercooling, thermal
stability even after a large number of melting/freezing cycles, chemical inertness and
comparatively lower cost [80, 107]. Organic PCMs can be classified into three subgroups,
viz. paraffin based, fatty acid based and other types of organic substances. Paraffins (CnH2n+2)
consist of chains of saturated hydrocarbons (alkanes). The latent heat and melting point of
paraffins are directly proportional to the chain length or molecular weight, and hence, phase
transition temperature can be tuned by proper material selections. Paraffins are non-corrosive,
non-toxic in nature and show good stability upon consecutive thermal cycles, without any
significant supercooling requirements [108]. These advantages have made paraffin-based
materials one of the most widely used organic PCMs. However, paraffins exhibit a few
undesirable properties like inherently low thermal conductivity, comparatively higher volume
change during phase transition, flammability and non-compatibility with plastic containers
due to chemical similarity, resulting in the softening of containers [79, 109]. Table 1.10 lists
a few paraffin based materials used as organic PCMs for latent heat thermal energy storage
applications, along with their physio-chemical properties [102, 104, 110-112]. Apart from
paraffins, several fatty acids (general formula: CH3 (CH2)2nCOOH) have also been used as
organic PCMs [113]. The superior thermophysical and kinetic properties during melting and
solidifying cycles with negligible supercooling and repeatable thermal behaviour are the
primary advantages of fatty acids based organic PCMs [106, 114]. Table 1.11 shows the
details of a few fatty acids used as organic PCMs, along with their physio-chemical
properties [1, 111, 112, 115-124]. Fig. 1.6 shows the number of articles published on organic
PCMs during the years 1996-2014 [4]. It can be seen from Fig. 1.6 that the research interest
on organic PCMs steadily increased over the years resulting in a large increase in number of
18

Chapter 1
publications per year (total number of publications increased from 303, in 1996 to 2650, in
2014; an increase by ~ 775 % over a period of 18 years). It can also be seen from Fig. 1.6 that
the research interest on fatty acids increased at a much higher rate than paraffin, which might
be due to the favourable thermo-physical properties of fatty acids and the possibility of
preparing eutectic mixtures with sharp phase transition temperatures and improved latent heat
values. Apart from paraffins and fatty acids, several other types of organic materials (like
ketones, ethers, dienes, etc.) have also been used for latent heat thermal energy storage.
Table 1.12 shows a few other types of organic materials used as PCMs for LHTES [1, 14, 78,
102, 111, 112, 122, 125-129]. Among these other types of organic PCMs, sugars and
oleochemical carbonates show very high latent heat values, which is beneficial for practical
applications [127, 128]. In this work, unless otherwise mentioned, PCMs indicate organic
phase change materials.
Table 1.10 A few paraffins used as organic PCMs for latent heat thermal energy storage
along with their physio-chemical properties.
Paraffin

n-tetradecane
n-pentadecane
n-hexadecane
n-heptadecane
n-octadecane
n-nonadecane
n-eicosane
n-heneicosane
n-docosane
n-tricosane
n-tetracosane
n-pentacosane
n-hexacosane
n-heptacosane
n-octacosane
n-nonacosane
n-triacontane

Number of
carbon atoms in
hydrocarbon
chain
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

Melting
temperature
(0C)

Latent heat
(kJ/kg)

Reference

~6
~ 10
18-20
22-23
28-29
~ 32
~ 37
~ 40
~ 44
~ 47
~ 51
~ 53
~ 56
~ 59
~ 61
~ 63
~ 65

227-229
~ 206
216-236
164-214
200-244
~ 222
~ 247
~ 213
~ 249
~ 234
~ 255
~ 238
~ 256
~ 235
~ 254
~ 239
~ 252

[102, 110]
[102, 110]
[102, 104, 110-112]
[102, 104, 111, 112]
[102, 104, 111, 112]
[1, 104]
[1, 104]
[1, 104]
[1, 104]
[1, 104]
[1, 104]
[1, 104]
[1, 104]
[1, 104]
[1, 104]
[1, 104]
[1, 104]

19

Chapter 1
Table 1.11 A few fatty acids used as organic PCMs for latent heat thermal energy
storage along with their physio-chemical properties.
Fatty acid

Caprylic acid
Capric acid
Lauric acid
Myristic acid
Palmitic acid
Stearic acid
Arachidic acid
Undecylenic
acid

Number of
carbon atoms in
hydrocarbon
chain
8
10
12
14
16
18
20
22

Melting
temperature
(0C)

Latent heat
(kJ/kg)

Reference

~ 16
31-32
41-44
51-54
61-63
~ 70
~ 74
~ 25

~ 148
~ 163
183-212
190-205
203-212
~ 222
~ 227
~ 141

[1, 115]
[115, 116]
[117, 118]
[115, 118-121]
[121-124]
[116, 121, 123]
[1, 115]
[111, 112]

Table 1.12 A few other types of organic PCMs suitable for latent heat thermal energy
storage along with their physio-chemical properties.

Class of
compound
Ketones
Ethers
Esters of fatty
acids

Sulphur
compounds
Amides
Dienes
Sugars

Halogen
derivative
Oleochemical
carbonates
Monohydroxy
alcohols

Organic compound
Phorone
Diphenyl ether
Methyl palmitate
Propyl palmitate
Methyl stearate
Butyl stearate
Ethylene glycol distearate
Vinyl stearate
Octadecyl 3-mercapto
propionate
Dilauryl thiopropionate
Acetamide
Dicyclopentadiene
Erythritol
Sorbitol
Mannitol
Xylitol
1-Iodehexadecane
3-Iodoaniline
Dodecyl carbonate
Tetradecyl carbonate
Octadecyl carbonate
1-Tetradecanol
1-Dodecanol

Melting
temperature (0C)
~ 27
~ 27
~ 27
16-20
38-39
17-23
~ 63
~ 27
~ 21
~ 39

Latent heat
(kJ/kg)
~ 124
~ 97
~ 163
186-190
~ 161
140-200
~ 216
~ 122
~ 141
~ 159

~ 82
~ 29
~ 117
~ 97
~ 165
~ 93
~ 22
~ 23
~ 19
~ 34
~ 52
~ 39
17-23

~ 241
~ 12
~ 344
~ 110
~ 341
~ 280
~ 131
~ 64
~ 200
~ 227
~ 223
~ 221
184-189
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Reference
[111]
[111]
[14, 122, 125,
126]

[122]

[78]
[102]
[127]

[111, 112]
[128]

[14, 125, 129]
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Figure 1.6 Number of scientific articles on paraffin based and fatty acid based organic phase
change materials during the years 1996-2014 (source: Web of Science).

1.4.4 Eutectic PCMs
Eutectic PCMs are minimum-melting compositions consisting of two or more PCMs [78, 79].
Eutectic PCMs can be further classified as organic-organic and inorganic-inorganic eutectic
PCMs [1]. The rationale behind preparation of eutectic PCMs is to achieve tunable melting
temperature within the desired temperature range with improved thermal conductivity and
latent heat and controlled flammability and supercooling [118]. However, preparation of such
eutectic PCMs are time consuming and requires optimization of the system composition. On
the positive side, such eutectic PCMs have relatively sharp phase transition temperature and
phase segregation is unlikely due to simultaneous melting [79]. A few organic-organic and
inorganic-inorganic eutectic PCMs used for thermal energy storage applications, along with
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their physio-chemical properties are listed in Tables 1.13 and 1.14, respectively [1, 14, 78,
105, 118, 120, 130-135].

Table 1.13 A few organic-organic eutectic PCMs suitable for latent heat thermal energy
storage along with their physio-chemical properties (CA, LA, MA, PA and SA indicate
capric acid, lauric acid, myristic acid, palmitic acid and stearic acid, respectively).
Components
CA-LA
LA-MA
MA-PA
LA-PA
MA-SA
PA-SA
LA-SA
CA-PA

Composition
(wt. %)
45-55
66-34
58-42
69-31
64-36
64.2-35.8
75.5-24.5
76.5-23.5

Melting point
(0C)
17-21
~ 34
~ 43
~ 35
~ 44
~ 52
~ 37
~ 22

Latent heat
(kJ/kg)
~ 143
~ 167
~ 170
~ 166
~ 182
~ 182
~ 183
~ 171

Reference
[14]
[118]
[120]
[130]
[130, 131]
[132]
[133]
[134]

Table 1.14 A few inorganic-inorganic eutectic PCMs suitable for latent heat thermal
energy storage along with their physio-chemical properties.
Components & composition
45% CaCl2.6H2O + 55% CaBr2.6H2O
40% CH3COONa.3H2O + 60% NH4NO3
61.5% Mg(NO3)2.6H2O + 38.5 NH4 NO3
50% CaCl2 + 50% MgCl2.6H2O
53% Mg(NO3)2.6H2O+ 47%
Al(NO3)2.9H2O
47% Ca (NO3)2.4H2O + 53% Mg (NO3)2.
6H2O
59% Mg(NO3)2.6H2O + 41%
MgBr2.6H2O
58.7% % Mg(NO3)2.6H2O + 41.3
MgCl2.6H2O
48% CaCl2+4.3% NaCl + 0.4%
KCl+47.3% H2O
14% LiNO3 + 86% Mg(NO3)2.6H2O
66.6% CaCl2.6H2O + 33.3%
MgCl2.6H2O
66.3% urea + 33.6% NH4Br

Melting point
(0C)
~ 15
~ 30
~ 52
~ 25
~ 61

Heat of fusion
(kJ/kg)
~ 140
~ 201
~ 125
~ 95
~ 148

Reference

~ 30

~ 136

[78]

~ 66

~ 168

[78]

~ 59

~ 132

[78]

~ 27

~ 188

[105]

~ 72
~ 25

~ 180
~ 127

[105]
[105]

~ 76

~ 161

[135]
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1.5 Desirable properties of an ideal phase change material
Though there exist a variety of phase change materials which are used for latent heat thermal
energy storage applications, ideal PCMs shall exhibit a number of desirable physical,
thermal, kinetic and chemical properties [1, 14, 20, 78-80, 91, 92, 136, 137]. Table 1.15
tabulates the most desirable properties of an ideal PCM [1].

Table 1.15 Desirable properties of an ideal PCM.
Type

Physical

Thermal

Kinetic

Chemical

Techno-commercial

Desirable properties
 Lower vapour pressure during phase transition and
at operating conditions.
 Smaller volume change during phase transformation.
 No material loss during phase transition.
 Congruent melting.
 Favourable and well understood phase equilibria.
 High latent heat of phase transition.
 Phase transition temperature at the desired operating
range.
 High thermal conductivity at solid and liquid phases.
 High specific heat to provide additional sensible heat
storage.
 High charging/discharging rates.
 Good thermal stability after several melting/freezing
cycles.
 High nucleation rate
 Negligible or no supercooling.
 Absence of secondary phase transformation within
the operating temperature range.
 Long-term chemical stability.
 Negligible or no corrosion.
 Reversible melting/freezing cycles.
 Compatibility with construction or container
materials.
 Non-toxic, non-flammable and non-explosive in
nature.
 Low cost.
 Wide availability.
 Ease of preparation/fabrication.
 Light weight.
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1.5.1 Commercially available PCMs
It’s unlikely that all the desirable properties are met by a single PCM and this primarily
drives the scientific research for development and characterization of new phase change
materials with improved properties [1]. Additionally, several studies are also being conducted
to probe the carbon foot print, life-cycle cost and economic impacts of integrated or standalone thermal energy storage systems using PCMs [6, 138-148]. Recently, soft computing
tools like artificial neural network [149] and fuzzy logic [150] has been utilized to optimize
the performances of PCM based thermal energy storage systems. A few commercially
available PCMs are listed in Table 1.16 [151], where the exact material composition is not
available in the public domain.

1.6 Various applications of phase change materials
Organic phase change materials (PCMs) are widely used for various latent heat thermal
energy storage applications. Fig. 1.7 shows the most important applications of organic PCMs.
Buildings account for a substantial amount of global energy usage and applications of PCM
for thermo-regulation and energy storage in buildings are essential for reducing energy
consumption and distribution of energy between the peak and off-peak periods [93]. Organic
PCMs have found wide spread applications in cooling/heating of buildings [11, 93], cooling
of electronic devices and domestic/commercial refrigeration [152, 153], low temperature
solar energy storage [78], solar water/air heater [154, 155], solar receiver of direct steam
generator of concentrated solar power plants [146], automobile industry [156], food
packaging and transportation [157, 158] and in bio-medical fields like vaccine boxes and
thermotherapy based treatment of Buruli ulcer and arthritis [159, 160]. A few important
applications of PCMs are discussed in the following sections.
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Table 1.16 A few commercially available PCMs.
Commercial
name

Latent
heat
(kJ/kg)
~ 110

Paraffin based

M/s BASF, USA

~8

~ 174

Paraffin based

SP 22 A4

~ 24

~ 165

Salt hydrate based

SN 33

~ -33

~ 218

Paraffin based

IN 03

~ -3

~ 294

Paraffin based

Latest 20T
E-10
A22
ClimSel C 32

19-21
~ -10
~ 22
~ 32

~ 175
~ 286
~ 172
~ 212

Salt hydrate based
Unknown
Unknown
Salt hydrate based

ClimSel C 23

~ 23

~ 148

Salt hydrate based

STL-21

~ -21

~ 240

Salt solution based

STL52

~ 52

~ 201

Salt hydrate based

STL27

~ 27

~ 213

Salt hydrate based

Mikra Thermic

~ 20

~ 140

Paraffin based

M/s Rubitherm GmbH,
Germany
M/s Rubitherm GmbH,
Germany
M/s Cristopia Energy
Systems, France
M/s Cristopia Energy
Systems, France
M/s Teappcm, India
M/s EPS Ltd., UK
M/s EPS Ltd., UK
M/s Climator Sweden AB,
Sweden
M/s Climator Sweden AB,
Sweden
M/s Mitsubishi Chemical
Corporation, Japan
M/s Mitsubishi Chemical
Corporation, Japan
M/s Mitsubishi Chemical
Corporation, Japan
M/s Devan, Belgium

Micronal
5001
RT 6

Melting
temperature
(0C)
DS
~ 26

Type of PCM

Company

1.6.1 Temperature regulation of buildings using PCMs
For storage of solar thermal energy during day-time and prevention of overheating,
encapsulated PCMs has been used in different parts of buildings like walls, floor and ceiling,
which enhanced the thermal energy storage capacity [4]. The primary advantage of using
PCMs incorporated in the building materials is that it provided higher energy storage density
during melting (charging), thereby isothermally storing excess available energy in the daytime [82]. The stored energy was released by the PCM during solidification (discharging) at
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night, thereby providing thermal comfort to the inhabitants [13]. Fig. 1.8 schematically shows
the principle behind thermoregulation of building using PCM based thermal energy storage.

Figure 1.7 Various applications of phase change materials (PCMs).

PCM mediated storage of excess thermal energy during day-time significantly reduces the
overall air-conditioning load and helps in maintaining the internal temperature of the building
at comfort level for a longer time [4, 13]. Thermal energy storage using PCMs for building
applications can be classified into two subclasses, viz. passive and active systems. For
passive systems, the functions of heat collection, thermal energy storage and release of heat
are achieved by the building structure itself, whereas for active systems, pumps or fans are
required [161]. The capacity of solar thermal energy storage in PCM incorporated building
materials is highly dependent on the latent heat of the PCM.
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Figure 1.8 Schematic illustration of thermoregulation in a room with PCM integrated in
walls.

Further as per the American Society of Heating, Refrigerating and Air-conditioning
Engineers (ASHRAE) guidelines, phase transition temperature of a PCM selected for
thermoregulation applications shall be within the temperature range of 20-30 0C [82].
Presently,

PCM

incorporated

gypsum

boards

are

being

pursued

for

building

thermoregulation. It has been reported that 1.5 cm thick PCM incorporated gypsum board
stores ~ five times more thermal energy, as compared to laminated gypsum board and
approximately same amount of energy as a ~ 12 cm thick brick wall within a comfortable
temperature range of 20-30 0C [162].

27

Chapter 1
1.6.2 Solar thermal energy storage using PCMs
Solar radiation is one of the most abundant form of renewable energy and PCM based storage
of solar-thermal energy during day-time can pave the way for effective utilization of the
stored energy during night-time [4, 163]. The solar-thermal applications of PCMs can be
divided into two sub-classes, viz. low temperature solar-thermal applications (like solar water
heater, solar air heater and solar dryer) and high temperature solar-thermal applications (like
solar cooker and concentrated solar power plants) [4]. Low temperature solar-thermal
applications require PCMs with phase transition temperature within 80 0C [4]. Solar water
heaters are relatively simple, easy to fabricate and several experimental and theoretical
studies have been conducted for PCM based solar water heaters [154, 164-166]. Solar water
heater with various configurations like paraffin filled capsule [167], encapsulated PCMs
[168], shell and tube geometry with solar collector [169], etc. have been reported in the
literature. Fig. 1.9 shows the schematic of a solar water heater system [169].
Solar air heater uses the stored solar-thermal energy to heat or condition the air for building.
The use of PCM makes solar air heating system energy efficient, sustainable and economic
[135]. Design and fabrication of thermally efficient solar air heaters have been studied
numerically and experimentally [170-172]. Natural circulation solar air heater and solar air
collectors have been studied by Enibe [173] and Alkilani et al [174]. Solar dryers are PCM
incorporated devices that are used for drying or dehydrating various items, including
agricultural products [175, 176]. Typical phase transition temperature of PCMs used for
solar-thermal dryers are within the temperature range of 40-75 0C [4]. PCM incorporated
solar-thermal dryers have been fabricated and demonstrated for various applications like
peanut drying [4], drying of agricultural food products [177], dehydration of mushrooms
[178], indirect solar drying [179], etc. High temperature solar thermal applications include
solar cookers and concentrated solar power plants. PCM incorporated solar cookers store the
28

Chapter 1
excess solar-thermal energy during day-time and release the stored heat during night-time,
thereby enhancing the efficacy of solar cookers. Solar cookers incorporating several types of
PCMs have been fabricated and demonstrated [141, 180, 181]. On the other hand,
concentrated solar power plants (CSP) use solar collector to increase the energy of working
fluid beyond 100 0C, which is not possible using flat plate collectors [4]. CSP integrated with
PCMs have shown significantly higher energy efficiency due to availability of stored thermal
energy during nigh-time [5, 6, 18, 74, 140, 146, 182].

Figure 1.9 Schematic diagram of a solar water heating system incorporated with phase
change material (PCM).
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1.6.3 Other applications of PCMs
a) Applications of PCMs in textile industry
Textiles are primarily a single or multiple layer of fabrics, designed for human comfort. The
thermo-regulatory effects of textiles can be enhanced by incorporating suitable phase change
materials [183]. In textile industries, PCMs incorporated fabrics are predominantly used for
blankets, sportswear, shoes, protective clothing and apparel [4, 21]. PCMs can be
incorporated within the textile by coating or encapsulation techniques [4]. Several studies
have reported the use of smart thermo-regulatory textiles with microencapsulated PCMs [21,
184, 185]. In textiles incorporated with microencapsulated PCMs, the PCM microbeads
absorb heat during a rise in surrounding temperature and when ambient temperature
decreases, the PCM microbeads release the stored thermal energy. This cyclic
charging/discharging thermo-regulatory process keeps the body temperature within a
comfortable range. Fig. 1.10 schematically shows the microscopic structure of a textile
matrix incorporated with microencapsulated PCM beads. The most widely used PCMs in
smart textile includes various types of paraffins like hexadecane [186], heptadecane [187],
eicosane [188], and octadecane [189], with phase transition temperature in the range of 18-36
0

C [190]. On the other hand, PCMs can be directly incorporated into the fabrics by dispersion

into the hollow fiber core, surface impregnation and polymer manipulation routes [4].
Polyethylene glycol has been found to be the most suitable PCM for direct incorporation in
textiles [191, 192].

b) Applications of PCMs for cooling of electronic devices & domestic refrigeration
Overheating has been identified as one of the major reasons behind failure of electronic
devices [193]. Hence, heat sinks, incorporated with thermal energy absorbing PCMs, have
been utilized to enhance the thermal capacitance and cooling efficiency in electronic devices
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[194]. Applications of PCMs for thermal management of electronic devices, li-ion batteries
and photovoltaic modules have been extensively reviewed by Ling et al. [16].

Figure 1.10 Schematic illustration of a textile matrix incorporated with microencapsulated
PCM beads.

Paraffin and other hydrocarbon based PCMs have been widely used for cooling of mobile or
hand-held electronic devices [4, 194-197]. Numerical models have also been developed to
optimize the PCM assisted cooling efficiency of electronic gadgets [198, 199]. Domestic and
commercial refrigeration are energy intensive processes and applications of PCM-based
thermal energy storage systems had been explored to reduce energy consumption and
wastage. Ahmed et al. [153] reported the use of refrigerated truck trailers, modified using a
PCM for insulation in domestic refrigeration system. Gil et al. [200] reported the use of
hydroquinone based PCM for solar cooling refrigeration.

c) Applications of PCMs in food, bio-medical and automobile industries
Applications of PCMs in food industry has been studied experimentally and numerically
[157, 201]. The variation of temperature is detrimental towards the compositional stability
and freshness of packaged food items and commercially available low-density packaging
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materials (likes polystyrene, polyethylene, etc.) are not suitable for thermal management.
This makes latent heat thermal energy storage and management using organic PCMs an
attractive choice for thermal protection of packaged food items [4]. In food industries, the
most prominent applications of PCMs include food transportation [158, 202], food
preservation [153, 203] and food packaging [157, 204].
Due to the large latent heat values and near isothermal phase transitions, PCMs have found
applications in bio-medical industries. Non-electrical thermal management, ease of use,
portability and reusability are the major advantages of PCM-based thermal management in
bio-medical applications [160]. Mondieig et al. [205] fabricated and demonstrated a PCMbased double-walled packaging system for the transportation or storage of blood elements.
Wang et al. [206] demonstrated a highly sensitive and selective bio-sensing application of
thermal probes consisting of RNA aptamer-functionalized PCM for accurate detection of
thrombin. PCMs have also found applications in fabrication of vaccine boxes and
thermotherapy based treatment of Buruli ulcer and arthritis, respectively [159, 160].
PCMs has also found extensive applications in the automobile industry, especially for
improving engine cooling [207, 208], thermal comfort of passengers [209], thermal
management of power battery [210] and waste heat recovery [156, 211]. Recently, organic
PCMs have been proposed for battery thermal management system (BTMS) of Li-ion
batteries [212, 213] for electric hybrid vehicles, which are more energy efficient and poised
to reduce global pollution levels by manifolds.

1.7 Improving thermal conductivity and form-stability of organic PCMs
In spite of the immense industrial benefits of PCM in thermal energy conservation and
management, the practical applicability of organic PCM is severely limited due to its
inherently low thermal conductivity [214]. For e.g., the values of thermal conductivity in
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liquid state are ~ 0.14, 0.17, 0.14, 0.15 and 0.16 W/mK for n-hexadecane, phenol, palmitic
acid, paraffin wax and lauric acid, respectively [1, 215-218]. Such lower values of thermal
conductivity decrease the charging and discharging rates, which is detrimental for industrial
applications. As subsequently discussed various strategies have been used for enhancing the
thermal conductivity of organic PCMs [52]. Material losses, due to leakage, during solidliquid phase transition also makes conventional organic PCMs unsuitable for field
deployment. Hence, to arrest such leakages, form-stable PCMs are being developed using
various methods [219, 220].

1.7.1 Thermal conductivity enhancement of organic PCMs
The most commonly used techniques are encapsulation of the PCM using polymer or other
inorganic material as shell and PCM as core [221, 222], impregnating porous materials [223226], inserting a metal structure in the PCM [89, 213, 227] or metal pieces (like copper or
stainless steel) [228], insertion of carbon fibres [229, 230] and dispersing high thermal
conductivity particles [214, 231-233]. Performance enhancement in latent heat thermal
energy storage systems was critically reviewed by Jegadheeswaran and Pohekar [12]. Among
the above-mentioned techniques, micro or macro-encapsulation and nano-inclusion loading
the most widely used techniques for thermal conductivity enhancement of organic PCMs.
Nano-inclusion assisted thermal conductivity enhancement of organic PCMs is widely
studied due to ease of sample preparation, cost effectiveness and physical similarity with
thermal conductivity enhancement using colloidal dispersions of nanoparticles (nanofluids)
[38, 217].
A large contrast in thermal conductivity (~ 250 % enhancement in the solid state) of noctadecane, loaded with 0.25 wt. % of single-walled carbon nanotube, was reported by
Harish et al. [234], which was attributed to the lower thermal barrier resistance in the solid
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state. Wu et al. [214] experimentally probed the effects of various carbon nano-fillers (nanographene with different layer numbers, multi-walled carbon nanotube and graphitized multiwalled carbon nanotubes) on thermal properties of paraffin and reported 52.4 % enhancement
in thermal conductivity for the PCM loaded with 3 wt. % of nano-graphene. Recent studies
indicate significant enhancement in thermal conductivity of n-hexadecane using inverse
miceller templating and various other nano-inclusions like copper nano-wire, multi-walled
carbon nanotubes and graphene nanoplatelets [231, 232]. Superior thermal properties have
been reported for PCM consisting of n-octadecane/stearic acid loaded with hexagonal boron
nitride [235]. Reversible thermal switching across solid liquid phase transition near room
temperature has been demonstrated for carbon black/octadecane (phase transition temperature
~ 28-29 0C) [236], carbon nanotube/hexadecane (phase transition temperature ~ 18 0C) [237]
and graphite/hexadecane (phase transition temperature ~ 18 0C) PCMs [238]. Wang et al.
[58] reported ~ 15 % enhancement in thermal conductivity of paraffin wax based PCM upon
addition of 7 wt. % of TiO2 nano-inclusions. On the other hand, Lin et al. [239] reported a
comparatively higher ( ~ 46.3 %) enhancement in thermal conductivity of paraffin wax based
PCM loaded with 2 wt. % copper nanoparticles, which was attributed to the higher bulk
thermal conductivity of copper. Studies show improved thermal conductivity of paraffin wax,
loaded with various other metallic nano-inclusions, viz., carbon-coated aluminum, CuO and
SiO2 nanoparticles [212, 240, 241]. Apart from metallic nano-inclusions, thermal
conductivity enhancement has been experimentally reported for paraffin wax-PCMs, loaded
with various carbon based nano-inclusions, like expanded natural graphite [242], carbon
nanofibers [243], graphene nanoplatelets [244], multiwalled carbon nanotubes (pristine or
functionalized) [214, 245, 246]. Sharma et al. [54] and Ezhumalai et al. [247] reported
enhanced thermal conductivity of palmitic acid based PCMs upon loading with metallic
additives (TiO2 and CuO, respectively). Enhanced thermal conductivity of lauric acid based
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PCMs had been reported for various types of nano-inclusion loading, viz. activated carbon
[248], SiO2 [249], carbon nanotubes [68, 250] and graphene nanoplatelets [65]. Thermal
conductivity enhancement had also been achieved in stearic acid based PCMs loaded with
TiO2 [49, 251], graphene oxide [252], graphene nanoplatelets [66], carbon fibres [253] and
hexagonal boron nitride [235] nano-inclusions.

1.7.2 Improving form-stability of organic PCMs
To arrest material leakage during phase transition of organic PCMs, form-stability is
primarily achieved by two techniques, viz, micro-encapsulation and shape-stable PCM
fabrication [1]. Microencapsulated PCMs are fabricated due to three major advantages, viz.
avoiding direct contact between the PCM and the environment, arresting leakage of the PCM
in liquid state and increasing heat transfer area [1, 4]. Microencapsulation can be achieved by
various chemical methods, viz. coacervation (involving more than one colloids) based
microencapsulation for paraffin @ gelatine and acacia [254], paraffin wax @ gelatine and
acacia [255] and coco fatty acid @ melamine-formaldehyde [256]; suspension
polymerization based microencapsulation for non-polar PCMs @ polystyrene [257];
emulsion polymerization based microencapsulation for n-octacosane @ poly(methyl
methacrylate) [258] and docosane @ poly(methyl methacrylate) [259]; polycondensation
based microencapsulation for hexadecane @ melamine-formaldehyde resin [260], octadecane
@ melamine-formaldehyde resin [260], n-tetradecane @ urea-formaldehyde resin [261] and
n-octadecane @ polyurea [262] and polyaddition based microencapsulation for paraffin @
epoxy resin [263]. The above-mentioned chemical strategies are adopted for preparation of
microencapsulated PCMs with the desired size distribution, shell thickness and morphology.
However, the micro-encapsulated techniques are comparably complex and time consuming
[1]. Macroencapsulation (size > 1 mm) technique had also been proposed to restrict material
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leakages during phase transition of PCMs. In macroencapsulation technique, PCMs are
contained within larger structures like tubes, spheres or panels with cylindrical, spherical or
square geometries [4].
To save cost and time, shape-stabilized PCMs had been prepared using alternate methods,
which are less complex. These techniques primarily include shape-stabilization with a
polymer or graphite matrices [1]. Due to its chemical affinity towards paraffins, polyethylene
has been widely used as a supporting material for preparing shape-stabilized paraffin-based
PCMs [264-266]. Acrylic polymers, like poly (methyl methacrylate) and its various blends
had also been used for preparation of shape-stable PCMs [267, 268]. Poly (vinyl chloride)palmitic acid based shape-stable PCM was reported by Sari et al. [269]. Composite PCMs
with poly (vinyl chloride)/fatty acid ratio up to 50: 50 (by wt. %) was found to be shapestable even after repeated melting/freezing cycles [270]. Polyurethane foams modified with
n-hexadecane and n-octadecane or impregnated with polyethylene glycol also exhibited
excellent shape-stability with high latent heat values [271, 272]. Shape-stable PCMs
consisting of mixtures of poly (vinyl alcohol) and various fatty acids (like lauric acid, stearic
acid and palmitic acid) had also been reported by Sari and Kaygusuz [273]. Expandable
graphite matrix supported n-docosane based shape-stable PCMs were prepared by absorbing
liquid PCM within the matrix of expandable graphite [274]. Various fatty acid based shapestable PCMs have been prepared by vacuum impregnation of expandable graphite matrices,
where the maximum fatty acid concentration was found to be ~ 80 wt. % [275, 276].
However, the latent heat of such shape stable PCMs were slightly lower than the latent heat
values of pristine fatty acids [1]. In general, it is observed that latent heat proportionally
decreases with increasing concentration of the supporting material [1, 4]. In such shape-stable
PCMs, the capillary and surface tension forces arrest leakage of molten PCMs, thereby
retaining the structural integrity during phase transition [274, 277, 278]. Paraffin/silica gel
36

Chapter 1
and lauric acid/mesocellular foam silica based shape-stable PCMs had been reported by Xing
et al. [279] and Mitran et al. [280], respectively. Novel shape-stable PCMs based on lauric
acid/diatomite composites [281], lauric acid/expanded perlite [282], lauric acid/modified
sepiolite [283], lauric acid/expanded vermiculite [284], paraffin/expanded vermiculite [277],
capric-myristic

acid/vermiculite

[223],

stearic

acid/expanded

vermiculite

[285],

paraffin/expanded perlite [286], capric-myristic acid/expanded perlite [233], stearic
acid/expanded graphite [253], palmitic acid/expanded graphite [276], n-octadecane/expanded
graphite [287] and paraffin/expanded graphite [241, 274, 278] had been reported.

1.8 Heat transfer properties of nanofluids
Nano-inclusion loaded PCMs have shown superior thermal conductivity enhancement and
significant increase in charging/discharging rates, which makes them important candidates
from practical applications as well as model physical systems for probing the role of nanoinclusion loading and clustering on effective thermo-physical properties. Such nano-inclusion
loaded PCMs are physically similar to colloidal dispersions of nanoparticles (nanofluids) and
thermal properties of nanofluids are essential for understanding the underlying physical
phenomena of thermal conductivity enhancement in nano-inclusion loaded PCMs.
Nanofluids are stable colloidal dispersions of nanoparticles in a continuous media [51, 288].
Very often, to ensure long-term colloidal stability, nanoparticle surfaces are functionalized, to
attain steric, electro-steric or electrostatic stability [37, 289, 290]. Nanofluids are prepared
through various methods, viz. direct evaporation technique [291, 292], chemical reduction
[293, 294], laser ablation [295, 296], polyol process [297, 298], phase-transfer process [299,
300], microwave irradiation [301, 302], etc. Nanoparticles tend to aggregate in the dispersion
medium due to van der Waal’s attraction, resulting in sedimentation or phase separation.
Colloidal stability of nanofluids can be improved by decreasing the size of the nanoparticles,
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increasing the viscosity of the base fluid or reducing the density difference between the
nanoparticle and the base fluid [38]. As per Derjaguin, Landau, Verwey and Overbeek
(DLVO) theory, the stability of the nanofluids are in general governed by the sum of the van
der Waal’s forces and electrostatic double layer repulsive forces between the nanoparticles
[303-305]. The stability of nanofluids can be probed using various experimental techniques
[306], viz. light scattering [307], sedimentation and centrifugation method [308, 309], zeta
potential measurement [295], spectral analysis [310], etc.
Nanofluids have shown higher thermal conductivity with respect to the conventional cooling
liquids (like water, ethylene glycol, kerosene, etc.) and nanofluid based cooling had been
reported for solar devices [311, 312], domestic refrigeration [313], automobile coolant [36,
314-316], engine coolant [317], heat-exchanger systems [318], electronic cooling [39, 40,
319], CPU coolant [320], brake fluid [321] and convective heat transfer applications [322,
323]. Nanofluids have also shown to increase critical heat flux, which made them a potential
candidates as coolants in nuclear power plants [46, 324-326].

1.8.1 Factors influencing thermal conductivity of nanofluids
The thermal conductivity of nanofluids are influenced by several factors, viz. size, shape,
concentration of the nanoparticles, density, viscosity and temperature of the base fluids,
presence of surfactants, etc. [38, 51].

a) Effect of nanoparticle size
Size of the dispersed nanoparticle plays a major role on the stability and thermal conductivity
of nanofluids [327]. Majority of the studies reported an increase in thermal conductivity with
decreasing size [328-331]. On the other hand, a few studies reported a decrease in effective
thermal conductivity with increasing nanoparticle size [332, 333].
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b) Effect of nanoparticle aspect ratio
Various experimental and numerical studies show an increase in thermal conductivity of
nanofluids with increasing aspect ratio of nanoparticles [334-337]. Nanoparticles with large
aspect ratio leads to higher effective thermal conductivity of nanoparticles due to enhanced
heat transfer along the length of the rod shaped particles [38]. By varying external magnetic
field, the aspect ratio of dispersed magnetic particles have been varied to achieve tunable
thermal properties of magnetic nanofluids [288, 337].

c) Effect of nanoparticle concentration & aggregation
Experimental results indicate an increase in nanofluid thermal conductivity with increasing
concentration of nanoparticles, much beyond the theoretical expectations of effective medium
theory [338-340]. However, very high loading concentration resulted in a decrease in
nanofluid thermal conductivity, due to increased interparticle interactions and aggregations,
and studies reported the existence of an optimal concentration for the highest thermal
conductivity enhancement of nanofluids [341, 342]. Experimental studies reported that
nanoparticle agglomeration can lead to an enhancement in effective thermal conductivity
[338, 343]. However, sedimentation of nanoparticles results in a decrease of effective thermal
conductivity [344, 345]. Karthikeyan et al. studied time dependent thermal conductivity of
aqueous nanofluids containing CuO nanoparticles and it was reported that thermal
conductivity decreased with elapsed time, which was attributed to clustering and confirmed
using optical microscopy [346].

d) Effect of nanoparticle thermal conductivity, other additives & temperature
In general, effective thermal conductivity of nanofluids increased with bulk thermal
conductivity of the dispersed nanoparticles [347-350]. On the other hand, few other studies
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reported that, under dilute limit, the bulk thermal conductivity of the dispersed nanoparticles
did not influence or was not the primary influencing factor for the effective thermal
conductivity of the nanofluids [51, 351, 352].
Most of the experimental studies indicate an increase in effective nanofluid thermal
conductivity upon addition of suitable concentration of additives [38, 44, 353, 354].
Thioglycolic acid [44], polyisobutene succinimide [336] and sodium dodecyl benzene
sulphonate (SDBS) [354] additives resulted in improved thermal conductivity of nanofluids,
whereas, addition of cetyl trimethyl ammonium bromide (CTAB) did not cause any
appreciable changes in effective thermal conductivity of nanofluids [355].
Water and ethylene glycol based Al2O3 nanofluids showed an increase in effective thermal
conductivity with increasing temperature in the range of 21-50 & 10-60 0C [338, 356]. On the
other hand, lowering of effective thermal conductivity had been reported for water based
TiO2 nanofluid [357] and hexane based nanofluid containing Bi2Te3 nanorods [358]. A few
studies indicated temperature independent effective thermal conductivity of nanofluids [359361].

1.8.2 Models for heat transfer in nanofluids
Thermal conductivity enhancement in nanofluids, in general, has been a topic of intense
scientific scrutiny and various theoretical models has been proposed to explain the
experimental data sets, by considering clustering, micro-convection and Brownian motion,
ballistic heat transfer and interfacial layer [38, 50, 346, 362, 363]. Various theoretical models
had been proposed for explaining the thermal conductivity enhancement in nanofluids by
Maxwell [364], Bruggeman [365], Hamilton and Crosser [366], Hashin and Shtrikman [367],
Yu and Choi [368], Avsec and Oblak [369], Xuan and Li [370], Pak and Cho [371], Kumar et
al. [372], Prasher et al. [342, 373], Leong et al. [374], Yamada and Ota [375], Gupte et al.
40

Chapter 1
[376], Hasselman and Johnson [377], Xie et al. [378], Jang and Choi [379], Wang et al.
[380], Corcione [381], Kihm et al. [382], Evans et al. [45, 341], Braginsky and Shklover
[383], Vajjha and Das [330], and Ho et al [384]. Among these theories, however,
nanoparticle clustering and associated percolative heat transfer is the most widely accepted
theory that shows significant agreement with most of the experimental data sets [341, 342,
346, 362, 385, 386]. Similarly, clustering of nano-inclusions has been found to be one of the
primary factors towards thermal conductivity enhancement in nano-inclusion loaded PCMs,
especially in the vicinity of the phase transition regions [217, 218, 237, 387]. The essential
features of Maxwell’s effective medium theory (EMT) [364], modification of EMT by
Bruggeman [365] and Hamilton-Crosser [366] model are briefly described below.
By considering spatially homogeneous electromagnetic response, Maxwell explained the
effective thermal conductivity of a two-phase system on the basis of effective medium theory
(EMT) [364, 388]. The basic assumptions of EMT are that the particles are embedded within
a continuous matrix at low concentration and under static condition [38]. According to
Maxwell’s EMT, the effective thermal conductivity (keff) can be expressed by the following
equation [364].

k eff 

k
1  2M

kf
1 M

(1.4)

Here, kf is the thermal conductivity of the base fluid, ϕ is the volume fraction of the
nanoparticles and  M 

kp  k f
k p  2k f

, where kp is the thermal conductivity of the nanoparticles.

EMT model does not consider the effects of interparticle interactions and interfacial thermal
resistance. To account for the interfacial thermal resistance (or Kapitza resistance, RK), kf in
Eq. 1.4 is modified by k f   M k p , where  M 

2 RK k f
d np

and dnp is the diameter of the

nanoparticles [38]. However, for practical applications of such models, the value of Kapitza
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resistance needs to be precisely evaluated, which is not straight forward [389]. At higher
loading concentrations, the interparticle distance between the dispersed nanoparticles
decreases leading to an enhancement in interparticle interaction, where EMT is not valid.
Bruggeman modified the EMT to incorporate the effects of interparticle interactions and
according to this model the effective thermal conductivity is expressed by the following
equation [365].

k eff

k

 kf
kf
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kp
kf

 ( 2  3 ) 

 BM
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4

Here, ΔBM is the volume fraction dependent Bruggeman constant and is expressed by the
following equation [365].
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Hamilton-Crosser further modified the Maxwell’s EMT to incorporate the effects particle
shape and according to this model, the effective thermal conductivity is expressed by the
following equation [366].

k eff 

k p  ( n H C  1) k f  ( n H C  1)( k f  k p )
k
 kf[
]
kf
k p  ( n H C  1) k f  ( k f  k p )

(1.7)

Here, nHC is the shape factor, which is defined as nHC =3/ψs, where ψs is the sphericity of the
dispersed nanoparticles. The values of ψs are 1 and 0.5 for perfectly spherical and prolate
ellipsoid shaped nanoparticles, respectively [366]. Yu and Choi [368], further modified the
Hamilton-Crosser model to incorporate the effects of interfacial layers. Considering parallel
and series modes of heat transfer Agari and Uno [390] had proposed a logarithmic heat
transfer model for nanocomposite matrices loaded with various types of nanofillers. Hashin
and Shtrikman upper and lower bounds on thermal conductivity enhancements also considers
series and parallel modes of heat transfer in nanofluids [367]. It must be noted in this regard
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that under the auspices of mean field models, parallel mode of heat transfer allows for the
highest thermal conductivity enhancement in nanofluids [391].
Various forms and modifications of these primary models had been utilized to explain the
role of nano-inclusion loading on thermal conductivity enhancements in various types of
PCMs, viz. lauric acid loaded with graphene nanoplatelets [65], PCMs loaded with single
walled carbon nanotubes [234], PCM/expanded graphite composites [392], PCMs used in
concentrated solar power plants [393], molten salts PCMs [394],

1.9 Motivation
Research and development of green energy materials and associated technologies picked up
momentum due to low carbon energy policies and rapid industrialization. Effective
conversion, storage and management of renewable energy sources and energy harvesting are
essential to close the gap between the supply and demand of energy and to curtail further
environmental degradation [144]. In this context, intermediate storage of solar energy, waste
heat recovery from industrial processes and thermoregulation applications in buildings by
latent heat thermal energy storage using organic PCMs is one of the most prudent approach
towards energy security [78].
In spite of immense industrial benefits of thermal energy storage using organic PCMs, the
practical applicability of these materials is severely restricted due to their inherently low
thermal conductivity [214]. Hence, dispersing high thermal conductivity nano-inclusions
within the continuous medium of PCM has been attempted to enhance thermal conductivity
of the PCMs [237, 238, 387, 395]. However, the role of particle loading, the effect of surface
functionalization, nature and physical properties of the nano-inclusions, the effects of size,
shape and aspect ratio of these nano-inclusions are poorly understood. Moreover, the
understanding of the exact mechanism of nano-inclusion assisted thermal conductivity
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enhancement in PCMs is unclear [65, 234, 341, 342]. Further, material losses, due to leakage,
during solid-liquid phase transition calls for further studies on form-stable PCMs [241, 268,
283, 396]. The above-mentioned aspects serve as motivation for undertaking the present
study. This thesis attempts to obtain new insight into nano-inclusion aided thermal
conductivity enhancement of organic phase change materials and photo-thermal conversion
in organic phase change materials. Besides an attempt is made to prepare shape-stable
organic phase change materials to arrest material leakage during phase transition.

1.10 Objectives
The main goals of the thesis are to probe the role of surface functionalization of nanoinclusions, particle loading, cluster formation and nature of nano-inclusions on thermal
conductivity enhancement of organic phase change materials (PCMs) and demonstrate photothermal conversion in shape-stable PCMs. The major objectives of this thesis are mentioned
below.
i)

To probe the role of surface functionalization of nano-inclusions on long term
thermal stability and thermal conductivity enhancement of PCMs loaded with
nano-inclusions.

ii)

To tune the phase transition temperature of composite PCMs by varying the
constituent concentrations and probe thermal conductivity enhancements in
these tuned PCMs, upon loading with various nano-inclusions.

iii)

To probe the role of nano-inclusion concentration on thermal conductivity
enhancement.

iv)

To investigate micro-scale aggregation phenomena and formation of
percolating network during solidification of the PCMs.
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v)

To study photo-thermal conversion of carbon black nano-inclusion loaded
PCMs and the role of particle concentration on conversion efficiency.

vi)

To demonstrate a form-stable PCM with high latent heat storage capacity and
phase transition temperature around ~ 19 0C.

1.11 Overview of the thesis
This thesis consists of 7 chapters and details of the chapters are summarized below. Chapter
1 gives a brief introduction on various modes of thermal energy storage, classification of
PCMs and some practical applications of latent heat thermal energy storage systems. The
limitations of PCMs due to low thermal conductivity and material losses because of leakage
during first order solid-liquid phase transitions and various strategies adopted to circumvent
these limitations are also briefly discussed. Thermal properties of nanofluids and factors
influencing thermal conductivity of nanofluids are also briefly discussed in this chapter.
Chapter 2 describes the experimental methods for sample preparation, characterization of the
nano-inclusions, PCMs, measurement of thermal conductivity and photo-thermal conversion
efficiency. Chapter 3 describes the role of surface functionalization and physical properties
of nano-inclusions on thermal conductivity enhancement during liquid-solid phase transition
of hexadecane based PCMs, upon loading with various nano-inclusions. Experimental
findings indicated that surface functionalization of the nano-inclusions resulted in better
thermal stability of the nano-inclusion loaded PCMs, without significant reduction in thermal
conductivity enhancement. Chapter 4 presents the results of tuning phase transition
temperature of composite PCMs, viz. phenol-water system and palmitic acid/di-methyl
formamide (PA-DMF) mixtures. Experimental results indicated enhanced thermal
conductivity of the tuned PCMs, loaded with various nano-inclusions. Chapter 5 discusses
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carbon black nanopowder assisted enhancement in thermal conductivity and photo-thermal
conversion in paraffin wax (PW) and lauric acid (LA) based PCMs with varying loading
concentrations. The superior volume filling capacity and fractal nature of CBNP aggregates
resulted in higher thermal conductivity enhancement. Chapter 6 describes the formulation,
thermophysical characterization and thermal conductivity enhancement of palmitic
acid/hexadecane (PA-HD) based binary form stable PCM with a phase transition temperature
~ 19 0C. For thermal cycling up to 40 0C, no leakage was observed and the binary PCM
retained the shape and structural integrity. Chapter 7 summarizes the results along with
conclusions drawn and recommendation for future work.
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Experimental methods

Chapter 2

Experimental methods

Chapter 2

2.1 Materials
The organic phase change materials (PCMs) n-hexadecane (HD), phenol (PH), palmitic acid
(PA), paraffin wax (PW) and lauric acid (LA) were used without any further purifications.
The PCMs were selected for a wide range of phase transition temperature region suitable for
thermal energy storage applications. Table 2.1 shows the source, purity, density, typical
phase transition temperature and bulk thermal conductivity in liquid state for the various
PCMs. For tuning the phase transition temperature of phenol and palmitic acid based PCMs,
Milli-Q water and di-methyl formamide (DMF: C3H7NO) were used. DMF was obtained
from M/s Loba Chemie Pvt. Ltd., India. For enhancing thermal conductivity of the PCMs,
various nano-inclusions were used, viz. carbon black nanopowder (CBNP), multi-walled
carbon nanotube (MWCNT), graphene nanoplatelets (GNP), nickel nanoparticles (NiNP),
copper nanoparticles (CuNP), silver nanowires (AgNW), alumina (α-Al2O3), silica (SiO2) and
titania (TiO2). Table 2.2 shows the source, purity, bulk density, typical dimensions and bulk
thermal conductivity of the various nano-inclusions.

2.2 Tuning of phase transition temperature of PCMs
For applications near ambient temperature, e.g. maintaining constant building temperature,
cooling of electronic devices, thermal management of batteries and low energy solar thermal
apparatus, development of PCMs with phase transition temperatures around room
temperature is desired [4]. However, solid-liquid phase transition temperature of pure phenol
and palmitic acid is ~ 40 and ~ 60-63 0C, respectively [276, 397], which limits their
applications in room temperature thermal energy storage. The phase transition temperature of
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phenol and palmitic acid based PCMs were tuned by adding required amount of water and
DMF, respectively.

Table 2.1 Physical and chemical properties of organic phase change materials (PCMs).
PCMs

Abbreviation
used

Source

Purity
(in %)

Density
(g/cm3)

Phase
transition
temperature
(0C)

Thermal
conductivity
in liquid
state
(W/mK)

nHexadecane

HD

~ 99

~ 0.77

~ 18

~ 0.141

Phenol

Ph

~ 99

~ 1.07

~ 40

~ 0.170

Palmitic
acid

PA

~ 99

~ 0.85

~ 60-63

~ 0.140

Paraffin wax

PW

Sulphated
ash
content
~0.05

~ 0.90

~ 58-60

~ 0.150

Lauric acid

LA

M/s
Sigma
Aldrich
M/s
Merck
M/s
Central
Drug
House
Pvt. Ltd.
M/s
Thermo
Fisher
Scientific
India
Pvt. Ltd.
M/s SD
Fine
Chem
Limited

~ 99

~ 0.88

~ 45

~ 0.155

Freezing point of the phenol-water system was tuned by adjusting the phenol-water ratio.
Four different concentrations of phenol-water system were prepared by mixing 0.74, 1.56,
2.55 and 3.25 wt. % of water (neglecting the impurity water content). Phenol is hygroscopic
in nature and the purity of the phenol, used in the present study, was 99.5 % with a water
content < 0.5 %. However, moisture ingress in phenol based PCM is expected. The melting
point of pure phenol (99.5 %) was estimated from differential scanning calorimetry studies.
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The freezing points of the phenol-water systems with varied water concentrations were also
estimated from the temperature dependent refractive index measurements [215].

Table 2.2 Properties of various nano-inclusions.
Nanoinclusions

Abbreviati
on used

Source

Purity (in %)

Dimensions

Bulk
density
(g/cm3)

Bulk thermal
conductivity
(W/mK)

Carbon
black nano
powder

CBNP

M/s
Reinste

> 99
(ash content 
0.02)

~ 29 ± 1 nm

~ 0.1

~ 0.250

Multiwalled
carbon
nanotube

MWCNT

M/s
NanoAmor

> 99

Length: 5-15
µm
Outer
diameter: 1020 nm

~ 0.07

~ 6600

Graphene
nanoplatele
ts

GNP

M/s
Reinste

~ 91 atom %

Thickness: 610 nm

~ 2.26

~ 3000

Nickel
nanoparticl
es

NiNP

M/s
NanoAmor

~ 99.9

~ 29 ± 3 nm

~ 8.91

~ 91

Copper
nanoparticl
es

CuNP

M/s
NanoAmor

~ 99.8

~ 13 ± 2 nm

~ 8.94

~ 385

Silver
nanowires

AgNW

M/s
Reinste

~ 99.5

Length: < 50
µm
Outer
diameter: ~
100 nm

~ 10.5

~ 427

Alumina

α-Al2O3

~ 43 ± 3 nm

~ 4.1

~ 35

Silica

SiO2

~ 26 ± 3 nm

~ 2.22.6

~ 1.4

Titania

TiO2

M/s
~ 99.5
NanoAmor
M/s
~ 99.5
Sigma
Aldrich
M/s
~ 99.5
Chempure
Private
Limited

~ 28 ± 2 nm

~ 4.23

~ 15
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For the palmitic acid based PCMs, PA-DMF weight ratio was varied to tune the phase
transition temperature. Four different PA-DMF composite PCMs were prepared by adding
16.6, 27.4, 50.5 and 59.4 wt. % of DMF in PA. DMF (liquid at room temperature) was added
in the required proportion to the pristine PA in the liquid state at 65 ± 1 0C. Thereafter, the
mixtures were subjected to magnetic stirring for 1200 s at 62 ± 1 0C, followed by water bath
sonication for 600 s at T = 60 ± 1, 50 ± 1, 40 ± 1 and 35 ± 1 0C for the composite PCMs with
16.6, 27.4, 50.5 and 59.4 wt. % of DMF, respectively. The water bath temperature was kept
constant at ~ 5 0C higher than the corresponding melting points of the composite PCMs for
proper mixing [218]. Phase transition temperatures of pure PA and PA-DMF composite
PCMs were accurately estimated from differential scanning calorimetry and temperature
dependent refractive index measurements.

2.3 Preparation of nano-inclusion loaded PCMs
Nano-inclusions of various concentrations were dispersed in the continuous phase of the
PCMs, in the liquid state, i.e. at temperature higher than the corresponding melting points. To
ensure uniform dispersion of the nano-inclusions within the PCM host matrix, water bath or
horn sonication (using Sonic Vibra-cell) were done. The sonication time was optimized to
ensure homogenous distribution of the nano-inclusions. For the n-hexadecane based PCMs,
the CBNP, NiNP, AgNW and GNP nano-inclusions were surface functionalized with oleic
acid, before adding to the PCM host matrix [216]. Detailed description of same preparation
are provided in the subsequent chapters. Fig. 2.1 schematically shows the steps followed for
preparation of the nano-inclusion loaded PCMs.
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Figure 2.1 Schematic illustration of the experimental steps followed for preparation of phase
change materials loaded with various types of nano-inclusions.

2.4 Thermo-physical characterization of the nano-inclusions & PCMs
The various nano-inclusions and PCMs were characterized using different techniques, such as
powder X-ray diffraction (XRD), small angle X-ray scattering (SAXS), scanning and
transmission electron microscopy (SEM & TEM), atomic force microscopy (AFM), phase
contrast optical microscopy, Fourier transform infrared spectroscopy (FTIR), dynamic light
scattering (DLS), differential scanning calorimetry (DSC) and refractive index measurement.
Thermal conductivity and photo-thermal conversion efficiency of the PCMs, with or without
nano-inclusion loading, were measured using a transient hot-wire method and infrared
thermography (IRT), respectively. Fig. 2.2 schematically categorize the various thermophysical characterization techniques, used in the present study. The basic working principles
of the characterization techniques are briefly discussed in the following sections.
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Figure 2.2 Characterization techniques used in the present study to probe the thermophysical properties of the nano-inclusions and PCMs.

2.4.1 Powder X-ray diffraction
Powder X-ray diffraction (XRD) is one of the most common techniques used to determine
crystal structure and crystallite size of nanoparticles. In XRD, the wavelength of hard X-ray
is close to size of atoms (in angstrom). In Powder X-ray diffraction the received diffracted
pattern is from powder of the materials and hence, present information from all possible
crystallographic planes. The fundamental principal of X-ray diffraction is based on Bragg’s
law of diffraction [398], which is schematically shown in Fig. 2.3a.
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Figure 2.3 (a) Schematic showing Bragg’s diffraction. (b) Schematic showing the θ-2θ
geometry of a typical powder X-ray diffractometer showing the positions of the X-ray source,
detector and sample.

As shown in Fig. 2.3a AO & CP are the two incident X-rays on two consecutive crystal
planes, whereas, OB & PD are the corresponding diffracted rays, respectively. OK & OL are
two perpendicular lines drawn from point O to the lines CP and PD, respectively. The path
difference between the two rays can be by expression KP+PL= 2dhkl sinθ. For constructive
interference, the Bragg’s law satisfies 2dhkl sinθ = nX, were dhkl is the spacing between two
consecutive planes, θ is the Bragg angle, n is the order of diffraction, X is the wave length of
the incident X-ray and h, k & l are the miller indices of the crystallographic plane. Fig. 2.3.b
shows the schematic of the θ-2θ geometry of a powder X-ray diffractometer and during
measurements, the X-ray source and the detector lie on the circumference of a focussing
circle and depending on the phase of the diffracted X-rays, constructive interference occurs at
specific directions. Apart from crystal structure, powder XRD is also useful for determining
the phase and crystallite sizes. For spherical particles of average crystallite size (dcryst),
Scherrer’s equation indicate that dcryst  0.89X /  cos  , where 0.89 is a proportionality
constant for spherical particles,  represented full width at half maxima (FWHM) of the
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diffraction peaks and θ is the half of the diffraction angle [399]. In the present study, room
temperature powder XRD measurements were carried out in the 2θ range of 20-800, using a
Rigaku X-ray diffractometer, which employs CuKα radiation (wavelength = 1.5416 Å) in the
Bragg-Brentano geometry. The scan rate and step size were fixed at 20 per minute and 0.020,
respectively.
Figure 2.4a shows the powder XRD pattern of α-Al2O3 at room temperature, where the
Bragg’s reflection peaks corresponding to (012), (104), (110), (113), (024), (116), (018),
(214), (300) and (119) planes of the rhombohedral crystal structure (JCPDS 46-1212) [400]
were seen. The XRD pattern indicated the highly crystalline structure of α-Al2O3. The
average crystallite size determined from the strongest reflection peak of (113) plane, using
Scherrer’s equation was found to be ~ 43 (± 3) nm. Fig. 2.4b shows the powder XRD pattern
of TiO2, at room temperature, where Bragg’s reflection peaks corresponding to (110), (101),
(200), (111), (211), (220) and (301) planes of the tetragonal crystal structure of rutile TiO2
(JCPDS 88-1175) were discernible. The strong diffraction peaks at ~ 270, 360 and 550
confirmed the presence of TiO2 in the rutile phase [401]. The average crystallite size
determined from the strongest reflection peak of (110) plane was found to be ~ 28 (± 2) nm.
Fig. 2.4c shows the powder XRD pattern of NiNP at room temperature, where clear Bragg
reflection peaks corresponding to (111), (200) and (220) planes of FCC nickel were observed
for 2θ values of 44.5, 51.8 and 76.4 0, respectively (JCPDS 04-0850) [402]. The average
crystallite size, determined from the strongest reflection peak of (111) plane using Scherrer’s
equation, was found to be ~ 29 (±3) nm. Fig. 2.4d shows the powder XRD pattern of CuNP
at room temperature, where the Bragg reflection peaks indicated the presence of elemental Cu
and monovalent and divalent oxides of Cu (Cu2O and CuO). The Bragg reflection peaks
corresponding to (111), (200) and (220) planes of FCC Cu were observed at 2θ values of
43.4, 50.5 and 74.1 0, respectively (JCPDS 71-4610) [403]. The average crystallite size
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obtained from the strongest reflection peak of (111) plane, using Scherrer’s equation, was
found to be ~ 13 (± 2) nm. Table 2.3 summarizes the crystal structure and average crystallite
sizes of the various nano-inclusions obtained from powder X-ray diffraction studies.

Figure 2.4 Room temperature powder XRD patterns of (a) α-Al2O3, (b) TiO2, (c) NiNP and
(d) CuNP nanoinclusions. All the major Bragg diffraction peaks are indexed.
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Table 2.3 Summary of powder X-ray diffraction studies of various nano-inclusions.
Crystal structure, JCPDS matched data, strongest peak and average crystallite sizes are
tabulated.

Nanoinclusions

JCPDS

Crystal
Structure

Strongest peak

α-Al2O3
TiO2
NiNP

JCPDS 46-1212
JCPDS 88-1175
JCPDS 04-0850

(113)
(110)
(111)

CuNP

JCPDS 71-4610

rhombohedral
tetragonal
face-centered
cubic
face-centered
cubic

Average
crystallite size
(nm)
~ 43 ± 3
~ 28 ± 2
~ 29 ± 3

(111)

~ 13 ± 2

2.4.2 Small angle X-ray scattering
Small angle X-ray scattering (SAXS) is a well-established characterization technique for
obtaining information about the size, shape and periodicity of structures ranging from ten to
thousands of angstroms. A well-collimated X-ray beam with a small cross-section and
extended sample-detector distance to reduce background are the primary requirement for
SAXS studies. In SAXS, I(q) represent the scattering intensity from a collection of objects
and is expressed as I(q) = N.F(q).S(q),where N is the number of objects, F(q) is the form
factor and S(q) is the structure factor and q is the scattering wave vector , which is expressed
as q  4 sin  /  X [404]. The scattering intensity from a spherical particle of diameter dnp is
expressed by the following equation [404, 405].
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Here Δρe and Vp indicate electron density difference between the particle and surrounding
medium and particle volume, respectively. By using Fourier transform of the intensity
profile, the distance distribution function [P(r)] is calculated using the following equation
[406].
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Here, M′ is a numerical damping factor related to the termination effects of the Fourier
transform. To obtain information on the shapes and sizes of α-Al2O3, SiO2, TiO2 and carbon
black Nanopowder (CBNP) SAXS experiments were carried out using Rigaku Ultima IV
instrument in the transmission geometry (2θ range = 0-2.20 in steps of 0.010). The scattering
intensity, I(q) was measured as a function of q and parasitic scattering from air and sample
cell was removed before data analysis using NANO-solver software. The variation of P(r) as
a function of diameter is shown in Fig. 2.5 for α-Al2O3, TiO2, SiO2 and CBNP nanoinclusions. The average sizes were found to be ~ 50 (± 2), 28 (± 2), 26 (± 2) and 21 (± 2) nm
for α-Al2O3, TiO2, SiO2 and CBNP, respectively.

Figure 2.5 Variation of P(r) as a function of diameter for α-Al2O3, TiO2, SiO2 and CBNP
nano-inclusions.
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2.4.3 Scanning and transmission electron microscopy
Electron microscopy is a technique for obtaining high resolution images of the object under
investigation using electron as a source of illuminating radiation. The higher resolution of
electron microscopy is due to the use of electrons, which are of shorter wavelength. However,
special techniques are required for sample preparation for electron microscopy. Electron
microscopy can be broadly classified into two methods, viz. scanning electron microscopy
(SEM) and transmission electron microscopy (TEM). In conventional SEM, image is formed
by scanning a focussed beam of electrons over the sample surface in a raster mode. The
secondary electrons emitted from the surface is detected by a suitable detector for image
constitution. On the other hand, in TEM, electron beam passes through the sample, thereby
generating a projection image (bright field) or a diffracted image (dark field). Typical
resolutions of standard modern SEM and TEMs are ~ 1 nm and sub-nm, respectively. TEM
images of the nano-inclusions (provided by the suppliers) are shown in Figs. 2.6a-e for
CBNP, NiNP, CuNP, AgNW and MWCNT nano-inclusions, respectively. The scale bars are
also shown along with the corresponding images.

Figure 2.6 Typical TEM images of (a) CBNP, (b) NiNP, (c) CuNP, (d) AgNW and (e)
MWCNT nano-inclusions. The TEM images were provided by the suppliers.
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Figures 2.7a-b show the size distributions for the NiNP and CuNP samples obtained from
TEM image analyses along with the corresponding log-normal fits. The most probable sizes
were obtained as 23.4 ± 2.3 and 12.8 ± 2.8 nm for NiNP and CuNP, respectively, which were
found to be in good agreement with the average crystallite sizes, obtained from the room
temperature powder XRD patterns.

Figure 2.7 Size distribution obtained from TEM image analyses for (a) NiNP and (b) CuNP
nano-inclusions. The log-normal fits are also shown in the figures.

Figures 2.8a shows a typical scanning electron microscopy (SEM) image of the α-Al2O3
nanoparticles (obtained from the supplier), where the spherical shape of the nanoparticles was
clearly discernible. The SEM imaging was carried out at 50000X magnification and working
distance of 6.5 mm under an accelerating voltage of 15.0 kV. The size distribution, obtained
from SEM image analysis, is shown in the inset of Fig. 2.8a and the average particle size was
obtained as ~ 50 (± 4) nm which was in good agreement with the sizes obtained from SAXS
(~ 50 ± 2 nm) and XRD (~ 43 ± 3 nm). Fig. 2.8b shows the SEM image of the CBNP nanoinclusions, where the spherical morphology of the CBNP nodules was clearly discernible. It
has been reported that CBNP nano-inclusions form aciniform aggregates [407] and a few
such aciniform structures were clearly seen from the SEM image. The inset of Fig. 2.8b
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shows the size distributions of the CBNP nano-inclusions, obtained from SEM image
analysis, along with the log-normal fits for statistical analyses. The most probable size of the
CBNP nano-inclusions was found to be ~ 31 ± 1 nm. Fig. 2.8c show the SEM images of the
MWCNT nano-inclusions. From SEM image, the average length of MWCNT nanoinclusions was found to be ~ 1-3 µm. For CBNP nano-inclusions, SEM imaging was
performed using a Carl Zeiss Sigma HV instrument, under vacuum environment. The
working distance, accelerating voltage and magnification were kept constant at 3.9 mm, 10
kV and 100030X, respectively. For MWCNT nano-inclusions, SEM imaging was carried out
using a Phenom-Pro desktop instrument, under standard vacuum conditions. The accelerating
voltage and magnification were kept constant at 10 kV and 18000X, respectively.

Figure 2.8 Typical SEM images of (a) α-Al2O3, (b) CBNP and (c)MWCNT nano-inclusions.
The number distributions obtained from SEM image analyses are shown in the insets of (a) &
(b).
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2.4.4 Atomic force microscopy
Atomic force microscopy (AFM) is one of the most widely used scanning probe microscope,
invented by Binning, Quate and Gerber in 1986 [408]. AFM is one of the most important
tools for imaging nanoparticles and their morphologies. In AFM, a cantilever, with a sharp tip
attached to its end, is used for scanning the sample surface. During scanning, the interaction
force between the sample surface and the tip is indirectly measured. When the tip travels near
the sample surface, the tip experiences the interaction forces, due to which the cantilever
bend, thereby deflecting the reflected laser light that is measured using a position sensitive
photo diode. From cantilever deflection measurements, the tip-surface force is assessed,
through which the surface morphology is mapped in real space. Fig. 2.9a shows a schematic
diagram of a typical AFM, where all the essential parts are indicated.

Figure 2.9 (a) Schematic of a typical atomic force microscope, where all the essential parts
are indicated. (b) Schematic illustration of the different modes of operation in an atomic force
microscope.

During measurement, the sample is placed on a piezoelectric sensor with independent X, Y
and Z motion controller which are in-turn controlled by a robust feedback system that is
driven by the output of the position-sensitive photo-diode indicating the deflection of the
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cantilever in real time. The set-point, amplitude and gain of the phase-lock loop are optimized
for each sample. Fig. 2.9b schematically illustrates a typical force-distance curve and the
different operating regions of AFM, viz., contact mode in repulsive regime, non-contact
mode in attractive regime (large tip-surface separation) and tapping or semi-contact mode in
the intermediate regime.
In the present study, atomic force microscopy was carried out, using a Ntegra Prima
microscope (M/s NT-MDT, Russia) to obtain information on the shape and size of the
various nano-inclusions. The aqueous dispersions of the nano-inclusions (concentration~ 0.1
wt. %) were sonicated for 30 minutes and drop-casted on freshly cleaved mica substrates,
which were then allowed to dry in-situ at ~ 22 ± 1 0C. AFM studies were performed in the
semi-contact mode using commercially available silicon tip (~ 10 nm bending radius and ~
198 kHz resonant frequency). Before quantitative analysis, tip-shape de-convolution was
performed using the NOVA-Px software.
Figure 2.10a shows the topographic image (5μm × 5 μm) of MWCNT drop casted on a mica
substrate, where the tube-like structure is clearly observed. Sectional analysis was performed
to quantify the topographic heights and Fig. 2.10b shows the variation in topographic height
along three horizontal sections (indicated in Fig. 2.10a). The topographic height was found to
vary between ~ 10-20 nm, against the specified outer diameter values of ~ 8-20 nm. Average
length of the MWCNT were ~ 5-15 μm. Fig. 2.10c shows the topographic image (10 μm × 10
μm) of CBNP dispersion, where the spherical shape of the individual CBNP nodules were
seen. Horizontal line scans were performed to analyze the topographic heights of several
individual nodules and Fig. 2.10d shows the size distribution along with the log-normal
fitting, where the most probable size was ~ 32 ± 2 nm. Fig. 2.10e shows the topographic
image (10 μm × 10 μm) of GNP, where the planar structures of GNP are clearly discernible.
Horizontal line scans were performed to probe the thickness of the individual GNP flakes and
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Fig. 2.10f shows the variation in topographic height for two cases. The average values of
thickness and planar dimensions were found to be ~ 6.5-9 nm and ~ 1.5-2.0 μm, respectively.
The topographic image (50 μm × 50 μm) α-Al2O3 nanoparticles, drop-casted on a mica
substrate, is shown in Fig. 2.10g, where the spherical morphology is clearly seen. Fig. 2.10h
shows the topographic height distribution, along with the log-normal fitting, where the most
probable size was ~ 48 ±1 nm.

2.4.5 Phase contrast optical microscopy
Phase contrast microscopy is an illumination technique in which small phase shifts in the
light passing through a transparent specimen is converted into amplitude or contrast changes
in the image. The basic governing principle of phase contrast microscopy is that small phase
shifts in light rays induced by different thickness and refractive index of different parts of an
object under investigation can be transformed into differences in brightness or light intensity.
Fig. 2.11 schematically shows the working principle of a phase contrast microscope. The
illuminating light (yellow) passes through the condenser annulus and is focused on the
specimen, where some part of the incident light is scattered (blue) and the remaining part is
unaffected thereby forming the background light (orange). The scattered light is weak and
typically phase shifted by -90°, relative to the background light, resulting in a low image
contrast as the foreground and the background have nearly same intensity. In negative phase
contrast microscopy, the background light is phase shifted -90° by passing it through a phase
shift ring, which nullifies the phase difference between the background and the scattered light
resulting in an increased intensity difference between foreground and background. Further,
the background light is also diminished using a gray filter, thereby enhancing the phase
contrast effect. In the present study, optical phase contrast microscopy was carried out at 10X
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magnification using an inverted phase contrast microscope (Carl Zeiss) in the liquid and solid
states of the PCM with or without nano-inclusion loading.

Figure 2.10 (a) Topographic image of MWCNT. (b) The variation in topographic height for
MWCNT, along three horizontal sections, as indicated in (a). (c) Topographic image of
CBNP dispersion. (d) Size distribution of CBNP along with the log-normal fitting. (e)
Topographic image of GNP. (f) Variation in topographic height for GNP nano-inclusions. (g)
Topographic image α-Al2O3 nanoparticles. (h) Topographic height distribution, along with
the log-normal fitting for α-Al2O3.
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Figure 2.11 Schematic illustration of the working principle of an optical phase contrast
microscope.

Additionally, real-time video was acquired for the PCM loaded with various nano-inclusions
during freezing. Initially, the nano-inclusion loaded PCMs were kept in liquid state and drop
casted on a transparent cover glass slip, which was allowed to be in thermal equilibrium with
a microscope compatible peltier stage (Linkam PE 120XY). The solidification process was
observed under the phase contrast optical microscope in real time and a time stamped video
file was recorded. The sample temperature was kept slightly below the peak melting
temperature of the PCMs to facilitate faster freezing.
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2.4.6 Fourier transform infrared spectroscopy
Fourier Transform Infrared (FTIR) spectroscopy is used to the record the infrared (IR)
spectra of the samples. In transmission mode, as infrared radiation is passed through the
sample, some parts of the incident infrared radiation is absorbed by the sample and the
remaining part is transmitted. For absorption of IR radiation by the molecule, there must be a
net change of induced dipole moment by vibration modes within the molecule [409]. The
resulting spectrum represents a molecular fingerprint of the sample. FTIR spectroscopy has
several advantages as compare to conventional IR spectroscopy, such as multiplexing, high
signal-to-noise ratio, wavenumber precision and fast scanning. The working principle of a
FTIR spectroscope is based on the Michelson’s interferometry technique and Fig. 2.12 shows
a schematic illustration of a typical FTIR spectrometer. The laser (coherent light source) is
passed through a beam splitter, which allows 50 % of the incident light to transmit and hit the
moving mirror. The other 50 % of the light is reflected and allowed to fall on the fixed
mirror. When the reflected light waves are combined, interference patterns occur which
passes through sample. The infrared light emanating from the sample is detected by a suitable
infrared detector. In the present study, ABB Bomem MB 3000 FTIR spectrometer is used in
the wavenumber range of 400-4000 cm-1. The spectral resolution of the spectrometer is ~ 4
cm-1. For solid powders, the samples were embedded in KBr pellets, after thorough mixing.
For liquid samples, FTIR spectroscopy was carried out in the attenuated total reflection
(ATR) mode using a ZnSe crystal in the wavenumber range of 500-3600 cm-1. The ATR
mode works on the principle of total internal reflection, where, infrared waves are allowed to
pass through the ATR crystal in such a way that at least one reflection off the internal surface
occurs, resulting in evanescent wave, which propagates into the sample (typical penetration
depth is ~ 0.5-2 μm) [409]. The number of reflections and depth of penetration depend on
several parameters, viz., the angle of incidence, wavelength, refractive indices of the crystal
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and medium, actual design and geometry of the crystal, etc. In the present study, single
bounce ZnSe crystals were used. Figs. 2.13a-b show the schematic illustration of the
transmission and ATR modes, respectively.

Figure 2.12 Schematic illustration of a typical FTIR spectrometer. All the essential
components are indicated.

Figure 2.13 Schematic illustration of (a) Transmission and (b) ATR modes of working in a
FTIR spectrometer.
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2.4.7 Differential scanning calorimetry
Differential scanning calorimetry (DSC) is widely used to examine the material properties
such as glass transition temperature, melting, crystallization, latent heat, specific heat
capacity, cure process, purity, oxidation behaviour and thermal stability, under a controlled
inert atmosphere (like argon or nitrogen) with controlled flow rates [410]. In the present
study, DSC was extensively used to determine the phase transition temperature and latent
heat values of the PCMs [411]. Fig. 2.14 shows the schematic of a typical DSC. In DSC, the
difference between the heat flow required to increase the temperature of a material (placed in
a sample pan) and a reference pan is measured as a function of temperature. The applied heat
from the heater goes though the electrical constantan disk toward the reference and sample
pan. Temperature measurements are performed using precision thermocouples. A positive
output of electrical potential of the thermocouples is shown when the sample temperature is
higher than the reference temperature. On the other hand, the output is negative for higher
reference temperature. To maintain a constant temperature for the sample and the reference
pans, a differential voltage is supplied to the heaters. Typical DSC experiments indicate heat
flow as a function of temperature (thermogram), from which the onset temperature (TO), peak
phase transformation temperature (TP), endset temperature (TE) and latent heat values are
determined [412]. In the present study, DSC experiments were performed using a Mettler
Toledo TGA-DSC-1, 1100 LF (Switzerland) combined TGA-DSC equipment, under an inert
atmosphere of argon, in the temperature range of 25-80 0C at a heating rate of 3 0C per
minute.
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Figure 2.14 Schematic illustration of a differential scanning calorimeter

2.4.8 Refractive index measurements
An automatic refractometer (J357 series, Rudolph Research Analytical, USA) is used to
measure the phase transition (freezing and melting point) of PCMs from the temperature
dependent variations of refractive index. The sample temperature is precisely controlled using
a Peltier heating/cooling stage within ± 0.05 0C. The automatic refractometer consists of a
point LED light source (wavelength = 589.3 nm), sapphire prism of refractive index 1.75 and
a diode detector array. It operates on the principle of critical angle measurement and is
capable of measuring refractive index from 1.26 to 1.70, as a function of temperature in the
range of 15 –100 °C. The measurement accuracy for refractive index is ~ 0.00004.
Refractive index is defined as the ratio of velocity of light in vacuum to the velocity of light
in the medium. During liquid-solid phase transition, density of the PCM changed
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discontinuously, giving rise to a change in refractive index. The phase transition temperature
estimated from refractive index measurements were found to be in good agreement with the
DSC data.

2.4.9 Measurement of thermal conductivity using a transient hot wire probe
The thermal conductivity of the PCMs (with or without nan-inclusions) was measured using a
transient hot wire probe (KD2 Pro, M/s Decagon, USA). Here, the thermal conductivity is
quantified by monitoring the heat dissipation from a long linear heat source and the
temperature rise is expressed by the following equation [38].
Qh
ra2
T  T0 
[ln(t )   a  ln(
)]
4 k
4 t

(2.3)

Here, T, T0, Qh, k, t, γa, ra and α indicate temperature, initial temperature, heat flux per unit
length, thermal conductivity of the medium, Euler’s constant (= 0.5772…), radial distance
and thermal diffusivity of the medium, respectively. For small values of the radial distance,
thermal conductivity is quantified from the slope of variation of ΔT (=T− T0) as a function of
ln(t) and the following expression is obtained for thermal conductivity [38].
k

Qh
t
ln( 2 )
4 (T2  T1 ) t1

(2.4)

Here, ΔT1 and ΔT2 indicate the temperature difference for time t1 and t2, respectively.
Thermal conductivity measurements at different temperatures were carried out by immersing
the sample holder along with the transient hotwire probe in a re-circulating water bath with
precise temperature control (within ± 0.1 °C). To establish thermal equilibrium, the sample
assembly was insulated using a custom-made non-conducting fixture and thermal
conductivity measurements were carried out after a time delay of 600 s to ensure temperature
homogeneity in the samples. Additionally, the sample assembly was also isolated from
mechanical vibrations to ensure proper contact between the probe and the sample. Before
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proceeding with quantitative measurements, the transient hot wire probe was calibrated for
three standard liquids, viz. water, kerosene and ethylene glycol. To ascertain the temporal and
thermal stability of the nano-inclusions loaded PCM, thermal cycling was performed by
repeated freezing and melting, for at least four cycles. All thermal conductivity measurements
were repeated three times and the values were expressed as mean ± standard deviation. It
must be noted in this regard, that the repeatability and stability of the measured thermal
conductivity values were found to be lower in the phase transition regions, as compared to the
liquid and solid states. The standard deviation values were considered as the standard
measurement uncertainties, i.e. u(k). On the other hand, standard uncertainties for thermal
conductivity ratios (ka/kb) were obtained from law of error propagation, i.e. u(ka/kb) = (ka/kb)
× [(u(ka)/ka)2 + (u(kb)/kb)2]0.5 [217]. Fig. 2.15a shows the schematic illustration of the basic
working principle of KD2 probe, where all the essential parts are indicated. KD2 probe works
on the principle of Wheatstone bridge principle. Fig. 2.15b shows the typical photograph of
the experimental set-up for thermal conductivity measurement.

2.4.10 Phase transition temperature and photo-thermal conversion efficiency
measurement using infrared thermography (IRT)
Infrared thermography (IRT) is a non-contact temperature measurement methodology, where
the infrared rays emitted from the surface of the object under investigation is detected using a
suitable infrared detector and the object temperature is measured from the intensity of the
infrared radiation using the following radiometric equation [413].
M cam  M obj   (1   ) M env  (1   ) M atm
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Figure 2.15 (a) Schematic illustration of the working principle of a transient hot wire probe
(KD2 Pro, M/s Decagon, USA). (b) Typical photograph of the thermal conductivity
measurement set-up.

Here, Mcam is the radiance received by the infrared detector, which is housed inside a suitable
infrared camera along with the appropriate electronics, optics and cooling mechanisms. Mobj,
Menv and Matm are the radiance emitted by the object under investigation, surrounding
environment and atmosphere, respectively. τ and ε indicate atmospheric transmittance and
surface emissivity, respectively. For laboratory experiments, τ ~ 1 and for real objects, ε<1
(for a hypothetical perfect blackbody, ε =1). Under these assumptions, Eq. 2.5 can be
simplified as

M cam  M obj  (1   ) M env . The radiance received by the infrared detector is

converted into an electrical signal and object temperature is obtained from suitable calibration
curves. Detailed description and numerous applications of various IRT based experimental
techniques can be found elsewhere [413-416]. In the present study, FLIR SC5000 infrared
camera was used for non-contact temperature measurement, which is equipped with a 27 mm
germanium made infrared transparent lens with field of view of 200 × 160 and indium
antimonide (InSb) based (spectral range = 2.0-5.1 μm) focal plane array detector with 320 ×
256 elements (Stirling cycle cooled).
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For determination of phase transition temperature and gain in cooling time using IRT, the
liquid PCMs (initial temperature higher is than the phase transition temperature) were placed
in recirculating water bath, whose temperature was kept constant at 8.0 (± 0.1) 0C and the
decay in sample temperature was monitored using the infrared camera, which was placed
vertically above the sample surface to minimize the viewing angle errors. The camera to
sample distance was maintained at 0.35 m. At a distance of 0.35 m, the horizontal and
vertical spatial resolution were found to be ~ 0.4 mm/pixel. In the present study, for recording
infrared images, reflected background temperature and atmospheric transmittance were
considered as 28.45 0C and 1, respectively. The acquired infrared images were emissivity
corrected to represent correct temperature of the PCMs. The acquired infrared images were
later analyzed using Altair software.
IRT based experiments were carried out to study the photo-thermal conversion efficiency of
the PCMs loaded with various concentrations of CBNP nano-inclusions, where the samples
were exposed to an artificial solar spectrum using two 1 kW halogen lamps, working at 50 %
efficiency. The halogen lamps were placed at 45 0 from the hypothetical straight line passing
through the centre of the sample holder on either side. The sample-to-lamp distance was fixed
at ~ 0.15 m throughout the experiments. The rise in sample temperature was remotely
monitored using an infrared camera, placed vertically above the sample at a distance of ~
0.35 m. For comparison, experiments were also performed on the PCMs without any nanoinclusion loading. All experiments were repeated thrice and the average values of
temperature rise were considered for further data analysis. Fig. 2.16a shows the schematic of
the experimental set-up, where all the essential parts are indicated. Fig. 2.16b shows a typical
photograph of the experimental set-up.
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Figure 2.16 (a) Schematic illustration of the IRT-based experimental set-up for measurement
of photo-thermal conversion efficiency. (b) Typical photograph of the experimental set-up.
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Effects of functionalization and physical properties of nanoinclusions on thermal conductivity enhancement of nhexadecane based phase change materials

3.1 Introduction
Hexadecane based PCMs are technologically important candidates for room temperature
(phase transition temperature near 18 0C) thermal energy storage. Zheng et al. [387] reported
reversible thermal switching across the liquid-solid phase transition of graphite/hexadecane
PCM at T = 18 0C and observed ~ 3.2 times enhancement in thermal conductivity of the
PCM, loaded with 0.8 vol. % of graphite nano-inclusions, in the solid state. Sun et al. [237]
reported ~ 3 times enhancement in thermal conductivity of functionalized multi-walled
carbon nano tube loaded hexadecane, in the solid state, for 0.4 vol. % loading. Schiffres et al.
[395] reported 2.3-3 times enhancement in thermal conductivity of multilayer
graphene/hexadecane PCM, in the solid state, for a loading of 1 vol. % of graphene. Such
large thermal conductivity enhancements for nano-inclusion loaded hexadecane, in the solid
state, was attributed to the formation of needle like microstructure during solidification and
aggregation of the nano-inclusions along the grain boundaries forming a percolating network
with higher thermal transport efficiency [237, 387, 395]. Recently, significant enhancement
in thermal conductivity of n-hexadecane was achieved by inverse miceller templating and
loading with various nano-inclusions like graphene nanoplatelets, multi walled carbon nano
tube and copper nano-wires [231, 232].
Though nano-inclusion assisted thermal conductivity enhancement of hexadecane is well
studied, the effect of aggregation and cluster formation is not fully understood [50, 342].
Earlier studies on hexadecane based nano-inclusions were primarily focussed on carbonbased nano-inclusions and reports on the effects of metallic nano-inclusions (apart from
copper nano-wire [231]) on thermal conductivity enhancement during liquid-solid phase
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transition are scarce. Further, the effect of surface functionalization of the nano-inclusions on
thermal conductivity enhancement and long-term stability in hexadecane based PCM is not
known. Xia et al. [417] reported that surface functionalization can result in superior stability
but adversely affects the thermal conductivity enhancement. Hermida-Merino et al. [418] also
reported that surface functionalization decisively influences the transport properties.
Here, the effects of various types of nano-inclusions on the thermal conductivity
enhancement and the effects of surface functionalization and aggregation on thermal
conductivity and thermal stability of such PCM are probed in detail. The enhancement in
thermal conductivity of hexadecane based PCM loaded with three different carbon-based
nano-inclusions, viz. carbon black nano powder, multi-walled carbon nano tube, graphene
nanoplatelets and three metallic nano-inclusions, viz. silver nano wire, nickel nanoparticles
and copper nanoparticles are systematically studied. In addition, the effect of surfactant
capping on thermal conductivity enhancement and thermal stability is also probed.

3.2 Preparation of nano-inclusion loaded PCMs
Before adding to the PCM (hexadecane), CBNP, NiNP, AgNW and GNP were surface
functionalized with oleic acid. Appropriate quantity of CBNP, NiNP, AgNW and GNP were
added in 2 mL of oleic acid and the samples were sonicated for 20 minutes, followed by
magnetic stirring for 40 minutes at a temperature of ~ 70 0C for completion of the coating
process. Thereafter, the samples were washed multiple times with acetone and centrifuged at
4000 rpm to remove the excess oleic acid. The surface functionalized nano-inclusions were
dispersed in the PCM using a horn sonicator (Sonic Vibra-Cell), operating at 30 % power for
5 minutes.
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3.3 Experimental methods
The nano-inclusions were characterized using powder X-ray diffraction, small angle X-ray
scattering and dynamic light scattering techniques, as described in chapter 2. Fourier
transform infrared (FTIR) spectroscopy was carried out to ascertain possible interactions
between the PCM and nano-inclusions. The solidification and melting temperatures and latent
heat of fusion of the PCM were determined from differential scanning calorimetry (DSC)
studies using Q200 (TA Instruments) in the temperature range of 0.1-80 0C with heating and
cooling rates of 3 0C/minute under nitrogen atmosphere.

Infrared thermography and

refractive index measurements were also carried out to probe the phase transition temperature
of the PCM. Thermal conductivity measurements were carried out using a KD2 probe
(detailed description in chapter 2).

3.4 Mechanism of thermal conductivity enhancement
Thermal conductivity enhancement of nano-inclusion loaded organic phase change materials
is primarily governed by the aggregation phenomena [341, 386]. The nano-inclusions, when
dispersed within a matrix of PCM, form clusters, which act as efficient percolating structures
for heat transfer [342]. Moreover, during solidification, the clusters are squeezed towards the
grain boundary, forming a network of percolating structures which results in large
enhancement of thermal conductivity in the solid state [237, 387].

3.4.1 Effect of cluster formation
The aggregation dynamics and the effects of cluster formation on thermal conductivity
enhancement in nano-inclusion loaded PCM is explained on the basis of three level
homogenization model of Prasher & Evans [341]. The nano-inclusions form aggregates due
to Van der Waal’s interaction and these aggregates grow in size with increasing concentration
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of the nano-inclusions, resulting in an enhancement of thermal conductivity, as the nanoinclusions, of higher thermal conductivity as compared to the PCM, are in physical contact
with each other within the aggregates with a radius of gyration several times larger than the
individual nano-inclusions [342]. Formation of larger aggregates (but within the limit of well
dispersed aggregates) is beneficial for thermal conductivity enhancement of the nanoinclusion loaded PCM primarily due to three reasons, viz. phonon mediated efficient heat
conduction through a larger network of percolating structure, reduced interfacial thermal
resistance due to improved contact between the nano-inclusions within an aggregate and
increased near field radiative heat transfer between the closely packed nano-inclusions with
inter particle separation lower than the typical dimensions of the individual nano-inclusions
[342, 419, 420].
The aggregates or clusters have fractal morphologies consisting of a backbone and dead-ends
[342]. The backbone is a quasi-continuous network of percolating nano-inclusions, spanning
the entire aggregate volume with characteristic length scale equal to the radius of gyration of
the aggregate. On the other hand, the randomly placed nano-inclusions form the dead-ends
within the aggregates [342]. Under such a scenario, the effective thermal conductivity of a
cluster is attributed to two different sources, viz. thermal conductivity of the homogenized
medium with dead ends alone (first level homogenization) and superimposition of the backbone over this homogenized medium (second level homogenization) [341]. Finally, the
effective thermal conductivity of the entire system is obtained from homogenization of the
clusters with the medium (third level of homogenization) [341].
Let k, kf, kde, kp and kc indicate the effective thermal conductivity of the nano-inclusion
loaded PCM (entire system), thermal conductivity of the PCM in liquid state, thermal
conductivity of the cluster with dead ends alone, total thermal conductivity of the cluster and
bulk thermal conductivity of the nano-inclusions, respectively. Then according to Bruggeman
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model, the thermal conductivity of the cluster with dead ends alone can be expressed by the
following equation [341, 342].
k de  k f  de (k p  k f )

(3.1)

Here, ϕde indicate the volume fraction of the nano-inclusions belonging to the dead-ends
alone and ϕde = ϕc – ϕbb, where ϕc and ϕbb indicate volume fraction of the nano-inclusion
within a cluster and volume fraction of nano-inclusions belonging to the back-bone,
respectively [341]. ϕbb, ϕde and ϕc were calculated in terms of the fractal dimension of the
clusters (df). The number of nano-inclusions within a cluster is expressed as N c  ( R g / a)

df

.

Let ϕp be the total volume fraction of nano-inclusions added to the PCM. Then ϕp = ϕc × ϕa,
where ϕc and ϕa indicate the volume fraction of nano-inclusion within a cluster and volume
fraction of cluster, respectively. From fractal analyses, it can be shown that

c  ( Rg / a)

d f 3

and volume fraction of nano-inclusions within a cluster that belong to the

back bone (ϕbb) is given by bb  ( Rg / a ) d1 3 , where d1 is the chemical dimension (ranging
from 1 to df) [341]. Then the volume faction of nano-inclusion, within a cluster, belonging to
dead-ends (ϕde) is given by ϕde = ϕc – ϕbb [341].
The total thermal conductivity of the clusters (kc) is estimated with an assumption that the
backbone is superimposed on a medium with homogenized thermal conductivity of knc [341].
The total thermal conductivity of the cluster is obtained from the following equation
originally proposed by Nan et al. [421].

k c  k de

3  bb [211 (1  L11 )   33 (1  L33 )]
3  bb [211 L11   33 L33 ]

(3.2)

Here, L33 = 1-2L11, where L11 = 0.5g2/(g2-1)-0.5g × cosh-1[g(g2-1)-1.5] and g is the aspect ratio
of the cluster with respect to the nano-inclusions, defined as g = Rg/a, where Rg and a indicate
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the radius of gyration of the cluster and size of the nano-inclusions, respectively [421]. The
term βii (i = 1 and 3) is expressed by the following equations [421].

k ii/  k de
 ii 
, i  1, 3
[k de  Lii (k ii/  k de )]
k ii/ 

kp
(1  Lii k p / k f )

(3.3)

(3.4)

Here, ω = (2+1/g) × (δR/a), where δR indicates the hypothetical Kaptiza radius, which signify
the lengths scale in the host matrix over which temperature drop is comparable to the
temperature drop at the nano-inclusion/host interface [341, 421]. Finally, the effective
thermal conductivity of the entire sample (nano-inclusion loaded PCM) is obtained from the
Maxwell-Garnet model using the following equation [341].
(k c  2k f )  2 a (k c  k f )
k

kf
( k c  2k f )   a ( k c  k f )

(3.5)

Nano-inclusion aided enhancement in thermal conductivity of the PCM is calculated from
Eq. 3.5 in the liquid state. However, thermal conductivity enhancement drastically increases
in the solid state and during liquid solid phase transition, which is attributed to the squeezing
of nano-inclusions towards the grain boundaries, as explained in the following section.

3.4.2 Network of clusters in solid state
When crystal forming liquids are loaded with nano-inclusions, the nano-inclusions are driven
towards the inter-crystal regions or grain boundaries during freezing [387, 395]. Internal
stress fields are generated within the PCM (considering linear viscoelastic properties) during
freezing, which is expressed by the following relation [422].
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t

S (r , t ) 

[e ( )   l T (r , )]
1
E (t   ) 0
d

1  0


(3.6)

Here, S(r,t), E(t), e0(τ), T(r,τ), ν and αl indicate stress field at location r and time t, relaxation
modulus function at time t, instantaneous mean strain at time t = τ, temperature profile at a
particular location (r) at instantaneous time t = τ, Poisson’s ratio and coefficient of thermal
expansion, respectively [422].
The solidification induced internal stress squeezes the nano-inclusions towards the grain
boundaries and increases the contact area between the nano-inclusions, thereby reducing the
thermal contact resistance (Kapitza resistance), which results in an enhancement in thermal
conductivity of the nano-inclusion loaded PCM due to the formation of a quasi-2D network
of percolation pathways with high heat transfer efficiency [234, 237, 238, 342, 387]. Fig. 3.1
schematically shows the solidification induced formation of 2D network of percolating
structures with enhanced heat transfer properties.
Domingues et al. [419] proposed that stress induced squeezing of the nano-inclusions also
leads to a substantially lower inter particle separation distances, as compared to the typical
dimensions of the nano-inclusions, which results in an enhancement of near field radiative
heat transfer.

3.5 Experimental results
From transmission electron microscopy (TEM) image analyses the average sizes of NiNP and
CuNP were obtained as ~ 23.4 ± 2.3 and 12.8 ± 2.8 nm, respectively. Using room
temperature powder XRD, the average crystallite sizes were found to be ~ 29 ± 3 and 13 ± 2
nm for NiNP and CuNP, respectively, which were in good agreement from the sizes obtained
from TEM. Small angle X-ray scattering (SAXS) studies [423] indicated the most probable
sizes of CBNP and GNP as ~ 21 ± 2 and ~ 12 ± 2 nm, respectively. Analyses of the scattering
intensity at high q (wave vector) region, i.e. Porod’s region [423] indicated the fractal
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dimension of GNP, which was in agreement with the earlier reported results [418, 424]. The
average hydrodynamic sizes were 295 ± 59, 296 ± 82 and 615 ± 141 nm for NiNP, CuNP and
CBNP, respectively, which were significantly higher than the sizes obtained from XRD,
TEM and SAXS. This indicated significant aggregation of the nano-inclusions on dispersion
in hexadecane. The larger hydrodynamic size of CBNP nano-inclusions was attributed to the
formation of aciniform aggregates of the primary particles (nodules) [407].

Figure 3.1 Schematic representation of the solidification induced formation of 2D network of
percolating structures with enhanced heat transfer properties. In the liquid state (left figure),
the clusters are randomly dispersed. During phase transition (middle figure), needle like
structures develop and the clusters experience a stress field, which drives them towards the
grain boundaries. The formation of quasi 2-D percolating network is complete in the solid
state (right figure), which causes a large enhancement in thermal conductivity. The inset
shows the expanded view of a cluster, where the back-bones and dead-ends, consisting of
individual nano-inclusions are seen. Thermal conductivity enhancement within a cluster is
primarily through phonon mediated heat transfer via the interconnected back-bones, which
span the entire length of a cluster.
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In the Fourier transform infrared (FTIR) spectra, the strong absorption band, at1716 cm-1, for
the pure oleic acid, corresponding to the stretching of carbonyl group [425], was missing for
the oleic acid capped nano-inclusions, where two new absorption bands appeared at 1667 and
1598 cm-1, which corresponded to the asymmetric and symmetric stretching of –COO-,
respectively [426]. The difference between the symmetric and asymmetric bands was found
to be ~ 69 cm-1, indicating the formation of chelating bidentate on the surface of the nanoinclusions, upon coating with oleic acid due to strong electronic interaction of the polar
carboxylic head group of oleic acid with the nano-inclusions [426]. Fig. 3.2 shows the FTIR
spectra, where major absorption bands are indexed. Table 3.1 describes the absorption bands
in detail. FTIR spectra confirmed that the major absorption bands were not shifted for the
PCM loaded with various nano-inclusions[425-427], which clearly indicated the absence of
any chemical reaction between the PCM and the nano-inclusions.

3.5.1 Characterization of the PCM
Figure 3.3a shows the heat flow curves, during solidification and melting of the PCM
(hexadecane), obtained from differential scanning calorimetry studies. The solidification (Ts)
and melting (Tm) temperatures were found to be 14.5 and 19.3 0C, respectively. These values
are in good agreement with the phase transition temperature of ~ 17-18 0C reported by Velez
et al. [428], Sun et al. [237], Zheng et al [387] and Su et al. [19]. The latent heat values were
found to be ~ 238.6 and 241.4 kJ/kg during solidification and melting, respectively, which
were also in agreement with the values reported elsewhere (~ 236 kJ/kg by Velez et al. [428],
~ 238 kJ/kg by Su et al. [19], etc.). The degree of supercooling (difference between Ts and
Tm) was found to be ~ 4.8 0C, which was higher than the value of ~ 1 0C reported by Velez et
al. [428].
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Figure 3.2 FTIR spectra of the oleic acid capped CBNP, NiNP, AgNW, and GNP nanoinclusions, dispersed in hexadecane. For comparison, the FTIR spectra of pure oleic acid
(OA) and hexadecane (HD) are also shown in the figure. The major absorption bands are
indexed.

Table 3.1 Absorption bands indicated in the FTIR spectra.
Legend Wave
Description
number
(cm-1)
(a)
2923
Asymmetric stretching of –CH2 group

Reference

(b)

2855

Symmetric stretching of –CH2 group

[425]

(c)

2362

Stretching vibration of C=O bond from atmospheric CO2

[425]

(d)

1716

Stretching of carbonyl group of free oleic acid

[425]

(e)

1667

[426]

(f)

1598

(g)

1471

Asymmetric stretching of
–COO- group
Symmetric stretching of
–COO- group
Asymmetric –CH3 bend

(h)

1378

Symmetric –CH3 bend

[427]

[425]

[426]
[427]
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Figure 3.3b shows the variation of refractive index of the PCM as a function of temperature
during solidification and melting. It can be seen from Fig. 3.3b that refractive index increased
with decreasing temperature up to the phase transition temperature of the PCM and beyond
that refractive index decreased. Due to absorption and re-emission of light along the
travelling path, speed of light in a medium is lower than that in the vacuum. With decreasing
temperature, the density of the PCM increases leading to a decreased speed of light in the
medium, resulting in an increase in refractive index. The phase transition temperature of the
PCM was found to be ~ 17 0C, which was in agreement with the results obtained from
differential scanning calorimetry studies. It can be further seen from Fig. 3.3b that the
refractive index decreased sharply below the phase transition temperature, which was
attributed to the cracking of the solidified pellets, which allowed the light to pass through.
Extensive cracking of the solidified pellets was observed due to the formation of needle like
microstructure after freezing [237, 387]. The insets of Fig. 3.3b show the photograph of the
PCM in the liquid and solid states and the presence of needle like microstructure and cracks
in the solidified pellet are clearly discernible from the photographs. Fig. 3.3c shows the
variation of k/kf as a function of temperature for the PCM. Here, k and kf indicate the
temperature dependent thermal conductivity of the PCM and thermal conductivity of the
PCM at T = 25 0C (= 0.140 ± 0.002 Wm-1K-1), respectively. The percentage enhancement in
thermal conductivity [100 × (k-kf)/kf] is also shown in Fig. 3.3c. The thermal conductivity
enhancement was insignificant in the liquid state, whereas significant enhancement in thermal
conductivity was observed in the phase transition region and solid state. In the solid state,
thermal conductivity decreased slightly with decreasing temperature but remained constant
below 10 0C. Thermal conductivity of the PCM in the solid state, at T = 10 0C was found to
0.249 (± 0.003) Wm-1K-1 which was slightly higher than the earlier reported value of 0.21
Wm-1K-1 [19]. The increase in thermal conductivity in the solid state was attributed to the
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formation of closely packed nano-crystalline structure. Similar enhancement in thermal
conductivity in the solid state has been experimentally reported by Sun et al. [237] and Zheng
et al. [387] for n-hexadecane. Using molecular dynamics simulation, Babaei et al. [429]
confirmed the formation of nanocrystalline phase during solidification of PCM, which caused
an enhancement in thermal conductivity due the phonon mediated heat transfer. It has been
reported that hexadecane crystals exhibit strong anisotropic growth kinetics resulting in
formation of needle like microstructure and ice-templating [237, 387, 395]. The inset of Fig.
3.3c shows a phase contrast optical micrograph of hexadecane in the solid state, where the
presence of needle like microstructures is clearly discernible (indicated by the arrows). For
establishing repeatability and thermal stability of the PCM, thermal cycling was carried out
and five thermal conductivity measurements were performed at regular time intervals in the
solid (at T = 10 0C) and liquid (at T = 25 0C) states. Fig. 3.3d shows the variation of k/kf
during thermal cycling of the PCM, where it can be seen that freezing and melting cycles
were reversible, even after four cycles. The k/kf in the solid state (at T = 10 0C) was ~ 1.779,
indicating a thermal conductivity enhancement of 77.9 % for the PCM, which was
significantly higher than the earlier reported values of ~ 28 % by Sun et al. [237] and ~ 50 %
by Su et al. [19]. The observed reversible thermal cycles indicated the superior thermal
stability and efficacy of hexadecane based PCM for thermal energy storage applications.
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Figure 3.3 (a) Heat flow curves, during solidification and melting of hexadecane, obtained
from differential scanning calorimetry studies. The solidification (Ts) and melting (Tm)
temperatures were ~ 14.5 and 19.3 0C, respectively, as indicated in the figure. (b) The
variation of refractive index of hexadecane as a function of temperature during solidification
and melting. The phase transition temperature was ~ 17 0C. (Inset) Typical photographs of
hexadecane in the liquid and solid states. The presence of needle like microstructure and
cracks in the solidified pellet of the PCM are clearly discernible. (c) Variation of k/kf and
percentage enhancement in thermal conductivity, as a function of temperature, for the PCM,
without any nano-inclusions. The variation of k/kf can be divided into three regions, viz.
region-I (liquid state), region-II (phase transition) and region-III (solid state). (Inset) Optical
phase contrast microscopy image of the PCM in solid state, where the needle like
microstructure is clearly discernible. (d) Variation of k/kf and percentage enhancement in
thermal conductivity during thermal cycling of the PCM, without any nano-inclusions.
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3.5.2 Nano-inclusion assisted thermal conductivity enhancement of the PCM
Figures 3.4a-f show the variation of k/kf and percentage (%) enhancement in thermal
conductivity as a function of temperature for the PCM loaded with various concentrations of
CBNP, NiNP, CuNP, AgNW, MWCNT and GNP nano-inclusions, respectively. For
comparison, the variation of k/kf in the case of PCM, without any nano-inclusions, is also
shown in the figures. It can be clearly seen from Figs. 3.4a-f that the variation of k/kf as a
function of temperature can be divided into three distinct regions, which were indicated as
regions I, II and III, respectively. For, T> 18.3 0C, the PCM, with or without nano-inclusions,
was found to be in the liquid state and this region was categorized as region-I. Region-II
indicated the phase transition region for 14.5 0C<T<18.3 0C, and region-III, corresponded to
the temperature range well below the freezing point, where the PCM, with or without nanoinclusions, was in the solid state.
Figure 3.4a shows that the thermal conductivity enhancements in the liquid state (at T = 25
0

C) were ~ 1.4, 5.0, 5.5, 5.5 and 6.4 % for 0.001, 0.0025, 0.005, 0.0075 and 0.01 wt. % of

CBNP loading, respectively. In the phase transition region (region -II), maximum
enhancements of thermal conductivity were ~ 260, 267, 339, 293 and 300 % for the PCM
loaded with 0.001, 0.0025, 0.005, 0.0075 and 0.01 wt. % of CBNP, respectively. Fig. 3.4a
further shows that the thermal conductivity enhancement decreased with temperature in the
solid state (region-III) and attained a steady value below 10 0C. In the solid state, thermal
conductivity enhancements were ~ 87.9, 105.0, 117.4, 115.5 and 121.4 % for the PCM loaded
with 0.001, 0.0025, 0.005, 0.0075 and 0.01 wt. % of CBNP, respectively.
The higher thermal conductivity in the solid state (region-III), as compared to the liquid state
(region-I) was due to the formation of crystalline structure of the PCM after freezing and
phonon assisted efficient heat transfer in the solid state [237, 387]. The maximum
enhancement in thermal conductivity was observed in the phase transition region, which was
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attributed to the strong anisotropic growth kinetics induced formation of continuous
networking structure, during liquid-solid phase transition in hexadecane [231, 237, 387].
Formation of such needle like microstructure, during liquid-solid phase transition has been
reported experimentally [231, 237, 387, 395]. Schiffres et al. [395] reported that slower
cooling rate results in formation of microstructure with thicker and longer needles leading to
a comparatively larger thermal conductivity enhancement due to anisotropic templating.
Zheng et al. [387] mapped the internal stress distribution in frozen hexadecane and reported
an uneven stress distribution with an average pressure of ~ 160 p.s.i., which was attributed to
the anisotropic growth kinetics and formation of needle like microstructure in frozen
hexadecane. Formation of needle like microstructure during liquid-solid phase transition of
hexadecane is also confirmed in the present study from optical phase contrast microscopy
images (inset of Fig. 3.3c). During freezing, due to internal stress fields, the nano-inclusions
are driven towards the intercrystal regions or grain boundaries [387, 395, 422]. This results in
an enhancement in thermal conductivity of the nano-inclusion loaded PCM due to the
formation of a quasi-2D network of percolation pathways with high heat transfer efficiency
[234, 237, 238, 342, 387]. Increased near field radiative heat transfer, due to low interparticle separation distance (spatially localized near the grain boundaries) also leads to an
enhancement of thermal conductivity [419]. On the other hand, the lowering of thermal
conductivity enhancements in the region-III, well below the freezing point, was attributed to
the microstructural changes, where longer needles were broken down to shorter needles,
probably due to the solidification induced residual stress fields [387, 422].
It can be seen from Fig. 3.4b that, in region-I, the thermal conductivity enhancements were ~
2.1, 4.3, 5.7, 5.0 and 2.1 % for the PCM loaded with 0.001, 0.0025, 0.005, 0.0075 and 0.01
wt. % of NiNP, respectively. In the phase transition region, the maximum enhancement in
thermal conductivity were ~ 248, 273, 313, 316 and 310 % for the PCM loaded with 0.001,
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0.0025, 0.005, 0.0075 and 0.01 wt. % of NiNP, respectively. In the region-III, the
enhancements in thermal conductivity were ~ 85.7, 102.1, 112.9, 101.4 and 102.9 % for the
PCM loaded with 0.001, 0.0025, 0.005, 0.0075 and 0.01 wt. % of NiNP, respectively. Fig.
3.4c shows the variation of k/kf and percentage enhancement in thermal conductivity, as a
function of temperature for the PCM loaded with CuNP, where it can be seen that the
enhancements in thermal conductivity in the liquid state were ~ 2.9, 5.7, 9.3, 10.0 and 11.4 %
for the PCM loaded with 0.001, 0.0025, 0.005, 0.0075 and 0.01 wt. % of CuNP, respectively.
Thermal conductivity enhancements in the phase transition region were ~ 301, 231, 221, 283
and 348 % for the PCM loaded with 0.001, 0.0025, 0.005, 0.0075 and 0.01 wt. % of CuNP,
respectively. On the other hand, in region-III, thermal conductivity enhancements (at T = 10
0

C) were ~ 85.5, 87.9, 100.7, 102.9 and 117.1 % for the PCM loaded with 0.001, 0.0025,

0.005, 0.0075 and 0.01 wt. % of CuNP, respectively. Thermal conductivity enhancements for
CuNP loaded PCM were found to be higher than the earlier reported values of ~ 3 and 182 %
enhancement in the liquid and phase transition regions, respectively, for hexadecane loaded
with 0.01 wt. % copper nanowires (outer diameter and length ~ 50 nm and 1-50 μm,
respectively) [231]. On the other hand, in the solid state, thermal conductivity enhancement
was higher (~ 130 %) in the case of PCM loaded with 0.01 wt. % of copper nanowires [231],
as compared to the CuNP nano-inclusions, used in the present study (maximum enhancement
~ 117.1 %). This was probably due to the higher aspect ratio of the copper nanowires that
formed efficient percolating trajectories along the grain boundaries during freezing.
Figure 3.4d shows that the thermal conductivity enhancements, in the liquid state, were ~
2.9, 7.1, 2.9, 8.6 and 9.3 % for the PCM loaded with 0.001, 0.0025, 0.005, 0.0075 and 0.01
wt. % of AgNW, respectively. In the region-II, thermal conductivity enhancements were ~
382, 337, 326, 287 and 348 % for the PCM loaded with 0.001, 0.0025, 0.005, 0.0075 and
0.01 wt. % of AgNW, respectively. On the other hand, 87.9, 117.1, 129.3, 102.1 and 117.9 %
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enhancements in thermal conductivity were observed in the solid state (at T = 10 0C) for
AgNW loading of 0.001, 0.0025, 0.005, 0.0075 and 0.01 wt. %, respectively. Fig. 3.4e shows
the variation of thermal conductivity enhancement for the PCM loaded with MWCNT, where
it can be seen that the thermal conductivity enhancements in the liquid state, were ~ 1.4, 2.9,
4.3, 5.0 and 5.7 % for the PCM loaded with 0.001, 0.0025, 0.005, 0.0075 and 0.01 wt. % of
MWCNT. The thermal conductivity enhancements in the phase transition region were ~ 238,
264, 273, 274 and 209 % for the PCM loaded with 0.001, 0.0025, 0.005, 0.0075 and 0.01 wt.
% of MWCNT, respectively. In the solid state, thermal conductivity enhancements were ~
80.0, 85.0, 87.9, 105.0 and 87.9 % for the PCM loaded with 0.001, 0.0025, 0.005, 0.0075 and
0.01 wt. % of MWCNT. In the present study, the maximum thermal conductivity
enhancement, in the solid state (at T = 10 0C), was ~ 105 %, for the PCM loaded with 0.0075
wt. % of MWCNT, which was lower than the ~ 200 % enhancement in thermal conductivity
reported by Sun et al. [237], for hexadecane loaded with carboxylic acid functionalized
MWCNT (loading = 0.4 % volume fraction). On the other hand, experimental results
indicated a maximum enhancement in thermal conductivity of ~ 274 % for the PCM loaded
with 0.0075 wt. % of MWCNT, in the phase transition region, which was substantially higher
than the values reported by Sun et al. [237]. It can be seen from Fig. 3.4f that the thermal
conductivity enhancements in the liquid state were ~ 1.4, 2.9, 4.3, 5.7 and 7.1 % for the PCM
loaded with 0.001, 0.0025, 0.005, 0.0075 and 0.01 wt. % of GNP, respectively. Thermal
conductivity enhancements in the phase transition region were ~ 257, 263, 271, 278 and 282
% for the PCM loaded with 0.001, 0.0025, 0.005, 0.0075 and 0.01 wt. % of GNP,
respectively. Thermal conductivity enhancements of ~ 84.3, 91.4, 100.0, 107.1 and 111.4 %
were observed for the PCM loaded with 0.001, 0.0025, 0.005, 0.0075 and 0.01 wt. % of GNP,
respectively, in the solid state. The maximum enhancement in thermal conductivity in the
phase transition region was found to be ~ 282 % for the PCM loaded with 0.01 wt. % of
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GNP, which was higher than the enhancement values of ~ 220 % and 110-160 % reported by
Zheng et al. [387] and Schiffres et al. [395], respectively.

Figure 3.4 Variation of k/kf and percentage enhancement in thermal conductivity, as a
function of temperature, for the PCM loaded with various concentrations of (a) CBNP, (b)
NiNP, (c) CuNP, (d) AgNW, (e) MWCNT and (f) GNP nano-inclusions. For comparison, the
variation of k/kf in the case of PCM, without any nano-inclusions, is also shown in the
figures. The variation of k/kf can be divided into three regions, viz. region-I (liquid state),
region-II (phase transition) and region-III (solid state).

Figures 3.5a-f show the variation of k/kf and percentage enhancement in thermal
conductivity, as a function of sample concentration, in the solid (T = 10 0C) and liquid (T =
25 0C) states for the PCM loaded with six different nano-inclusions, viz. CBNP, NiNP,
CuNP, AgNW, MWCNT and GNP, respectively. In the liquid state, maximum enhancements
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in thermal conductivity were ~ 6.4, 5.7, 11.4, 9.3, 5.7 and 7.1 % for the PCM loaded with
0.01 wt. % of CBNP, 0.005 wt. % of NiNP, 0.01 wt. % of CuNP, 0.01 wt. % of AgNW, 0.01
wt. % of MWCNT and 0.01 wt. % of GNP, respectively. It can be clearly seen from Figs.
3.5a-f that for the PCM loaded with CBNP, CuNP, MWCNT and GNP, thermal conductivity
increased with the concentration of the nano-inclusions in the liquid state. On the other hand,
for the PCM loaded with NiNP and AgNW, thermal conductivity decreased at higher
concentrations of the nano-inclusions, which was due to the sedimentation of the larger
aggregates at higher concentrations of the nano-inclusions. The sedimentation velocity (Vs)
of a concentrated solution is expressed as Vs 

V0 (1   )
[50]. Here, M and ϕ indicate a
1  M (1   ) 3

numerical constant (M ~ 4.6) and effective volume fraction of the solute, respectively. V0
indicates the sedimentation velocity at infinite dilution, which is linearly proportional to the
density difference of the solute and the solvent [50]. Due to higher density of AgNW and
NiNP (density ~ 10.5 and 8.9 g/cc, respectively), these nano-inclusions were prone to form
unstable aggregates at higher concentrations, which resulted in the decrease of thermal
conductivity enhancements at higher concentrations, as can be seen from Figs. 3.5b & d.
It can be further seen from Figs 3.5a-f that the thermal conductivity enhancement was
substantially higher for the nano-inclusion loaded PCM in the solid state, which was
attributed to the formation of the crystalline structure of the PCM, on freezing, and phonon
mediated efficient heat transfer through the quasi-2D network of percolating structures [231,
237, 387]. In the present study, the maximum thermal conductivity enhancements, in the
solid state, were ~ 121.4, 112.9, 117.1, 129.3, 105.0 and 111.4 % for the PCM loaded with
0.01 wt. % of CBNP, 0.005 wt. % NiNP, 0.01 wt. % of CuNP, 0.005 wt. % of AgNW, 0.0075
wt. % of MWCNT and 0.01 wt. % of GNP, respectively. The aggregates grow in size with
increasing concentration of the nano-inclusions due to Van der Waal’s interaction, resulting
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in an enhancement of thermal conductivity. As discussed earlier in section 3.3, formation of
such larger aggregates is beneficial for thermal conductivity enhancement due to phonon
mediated efficient heat conduction through a larger network of percolating structure with
reduced interfacial thermal resistance and increased near field radiative heat transfer [342,
419, 420]. Initial increase in thermal conductivity enhancement of nano-inclusion loaded
PCM with increasing loading fraction has also been reported earlier for hexadecane based
PCM [231, 237, 387].
It has been reported that thermal conductivity of nanofluids initially increases with aggregate
size and attains an optimal value for the well dispersed aggregates due to the formation of
high efficiency percolation network and beyond that, thermal conductivity decreases for
larger aggregates [342]. Formation of such large aggregates cause a saturation or a slight
decrease in thermal conductivity enhancements at higher concentrations of the nanoinclusions, as can be seen from Figs 3.5a-f. This was attributed to the fractal morphologies of
the aggregates consisting of a backbone and dead-ends as discussed earlier in the theoretical
section and schematically shown in Fig. 3.1 [341]. Thermal conductivity enhancement occurs
via phonon mediated effective heat transport through the backbone and the dead-ends are, in
general, insignificant towards enhancement of thermal transport [342]. This is also evident
from Eq. 3.1 (after first order homogenization involving dead-ends only), where considering
the highest volume fraction as 7.33 × 10-6 for 0.01 wt. % loading of AgNW and thermal
conductivities of Ag and PCM (in solid state) as 427 Wm-1K-1 [38] and 0.249 Wm-1K-1,
respectively, the effective thermal conductivity of AgNW loaded PCM was found to be ~
0.252 Wm-1K-1. This shows that if the contributions from dead-ends are only considered, the
maximum thermal conductivity enhancement is ~ 1.2 %, which was approximately two
orders of magnitude lower than the experimentally measured value of ~ 120 %. In larger
aggregates the number of dead-ends increases, which does not contribute towards thermal
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conductivity enhancement and moreover, such larger aggregates are not well dispersed and
prone to sedimentation causing a saturation or decrease in thermal conductivity of the nanoinclusion loaded PCM at higher loading fractions. Decrease in thermal conductivity for
higher concentrations of MWCNT loading in hexadecane based PCM were experimentally
reported by Angayarkanni and Philip [231] and Sun et al. [237], which are in good agreement
with the findings of the present study.

Figure 3.5 Variation of k/kf and percentage enhancement in thermal conductivity, as a
function of sample concentration, in the solid (T = 10 0C) and liquid (T = 25 0C) states for the
PCM loaded with (a) CBNP, (b) NiNP, (c) CuNP, (d) AgNW, (e) MWCNT and (f) GNP
nano-inclusions.
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Figures 3.6a-f show the variation of k/kf, in the liquid state, as a function of concentration (in
volume fraction), for the PCM loaded with CBNP, NiNP, CuNP, AgNW, MWCNT and GNP
nano-inclusions, respectively. The theoretical plots, for the effective medium theory (k/kf =
1+3ϕ, ϕ being the effective volume fraction of the nano-inclusions, which is considered as the
theoretical upper limit of Eq. 3.5 after three level homogenization following Prasher & Evans
model [341]) are also shown in the figures. It can be clearly seen from Figs. 3.6a-f that the
experimentally measured k/kf values were higher than the theoretically predicted values,
which indicated the presence of agglomeration in these systems [38, 231].
The six different nano-inclusions, used in the present study, were classified into two groups,
viz., carbon-based nano-inclusions (CBNP, GNP and MWCNT) and metallic nano-inclusions
(AgNW, CuNP and NiNP). Figs 3.7a-b show the bar charts comparing the k/kf and
percentage enhancement in thermal conductivity in the solid state, at loading concentration of
0.01 wt. % for the carbon-based and metallic nano-inclusions, respectively. For comparison,
the thermal conductivity enhancement of the PCM (without any nano-inclusions) is also
shown in Figs. 3.7a-b. Among the three carbon-based nano-inclusions, bulk thermal
conductivity is the highest for MWCNT (~ 6600 Wm-1K-1), followed by GNP (~ 3000 Wm1

K-1) and CBNP (~ 0.25-0.4 Wm-1K-1) [38]. Nevertheless, it can be clearly seen from Fig.

3.7a that the highest enhancement in thermal conductivity was for the PCM loaded with
CBNP, followed by GNP and MWCNT, in the decreasing order. This was attributed to the
variations in morphology and Kapitza resistance of the nano-inclusions. For the nanoinclusion loaded PCM in the solid state, the enhancement in thermal conductivity is due to
the formation of percolation trajectories along the inter-crystallite regions and GNP, being
two-dimensional, forms better percolation pathways with comparatively larger networking
structures [65].
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Figure 3.6 Variation of k/kf, in the liquid state, as a function of concentration (in volume
fraction), for the PCM loaded with (a) CBNP, (b) NiNP, (c) CuNP, (d) AgNW, (e) MWCNT
and (f) GNP nano-inclusions. The theoretical plots, for the effective medium theory are also
shown.

Using molecular dynamics simulations, Yang et al. [430] showed that carbon nanotubes and
graphene nanoplatelets act as nucleation sites during freezing, which leads to orientational
ordering near the PCM/nano-inclusions interface resulting in an enhanced phonon coupling
[65]. It was further shown by Yang et al. [430] that the nucleation rate is lower for the PCM
loaded with GNP. In the case of hexadecane based PCM, a lower freezing rate leads to the
formation of a longer and thicker needle like microstructure with improved heat transfer
efficiency [395].
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Figure 3.7 Bar charts comparing the k/kf and percentage enhancement in thermal
conductivity in the solid state, at loading concentration of 0.01 wt. % for the (a) carbon-based
and (b) metallic nano-inclusions. For comparison, the thermal conductivity enhancement of
the PCM, without any nano-inclusions, is also shown in the figures. Variation of k/kf and
percentage enhancement in thermal conductivity during thermal cycling for the PCM loaded
with 0.005 wt. % of (c) CBNP and (d) AgNW.

The higher thermal conductivity enhancement in the case of PCM loaded with GNP was also
attributed to the lower Kapitza resistance of GNP, as compared to MWCNT [65]. On the
other hand, the PCM loaded with CBNP nano-inclusions showed the highest thermal
conductivity enhancement, which was attributed to the fractal nature of the aggregates of
CBNP, consisting of nodules of primary particles. An earlier study showed that CBNP
loading in PCM leads to the formation of high thermal conductivity percolation trajectories
with reduced inter-aggregate gaps [431]. Higher thermal conductivity for CBNP loaded
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octadecane based PCM was reported by Wu et al. [236], which was attributed to the low
fractal dimensions and volume filling capability of the CBNP aggregates. Thermal
conductivity enhancement through the percolating network of the nano-inclusions, loaded
within a PCM, is limited due to the interfacial thermal resistance of the aggregate/aggregate
and aggregate/PCM interfaces and phonon mismatch due to the random curvatures of the
aggregate/aggregate interfaces [432, 433]. CBNP, due to its aciniform structure and low
fractal dimension, forms tightly packed aggregates with improved aggregate/aggregate
interactions leading to higher thermal conductivity trajectories, which explains the highest
thermal conductivity enhancement for the PCM loaded with CBNP, as shown in Fig. 3.7a.
On the other hand, it is evident from Fig. 3.7b, that in the cases of metallic nano-inclusions,
the highest thermal conductivity enhancement was obtained for the PCM loaded with AgNW,
followed by CuNP and NiNP, in the decreasing order. Among the three metallic nanoinclusions, bulk thermal conductivity is the highest for AgNW (~ 427 Wm-1K-1) followed by
CuNP (~ 385 Wm-1K-1) and NiNP (~ 91 Wm-1K-1) [38]. Though the thermal conductivity
enhancements for the PCM loaded with metallic nano-inclusions showed a similar trend,
other physical factors, viz., larger aspect ratio of AgNW and larger size of NiNP (average
crystallite sizes of NiNP and CuNP were ~ 29 ± 3 and 13 ± 2 nm, respectively) also played a
significant role according to earlier studies [434], which showed a higher thermal
conductivity enhancement for lower particle size and larger aspect ratios of the dispersed
phase. On the other hand, an increase in the effective thermal conductivity of the PCM loaded
with metallic nano-inclusions as a function of the bulk thermal conductivity of the nanoinclusions suggested a series or parallel ordering, under aggregation in these systems [435].
Figures 3.7c-d show the results of thermal cycling for the PCM loaded with 0.005 wt. % of
CBNP and AgNW, respectively. During thermal cycling, several thermal conductivity
measurements were performed in the liquid state (at T = 25 0C, well above the freezing point)
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and then the samples were frozen well below the phase transition temperature and several
thermal conductivity measurements were performed in the solid state (at T = 10 0C). In the
case of pure PCM (without any nano-inclusions), the melting and freezing cycles were
perfectly reversible (as can be seen from Fig. 3.3d), whereas some deviations were observed
for the PCM loaded with 0.005 wt. % of CBNP and AgNW. In the case of PCM loaded with
CBNP, thermal conductivity enhancements in the liquid state were ~ 7.0, 6.0, 4.0 and 3.0 %
after 1st, 2nd, 3rd and 4th cycles, respectively. On the other hand, thermal conductivity
enhancements in the solid state were ~ 117.4, 155.7, 150.0 and 148.6 % after 1st, 2nd, 3rd and
4th cycles, respectively. In the case of the PCM loaded with AgNW, thermal conductivity
enhancements in the liquid state were ~ 5.0, 2.9, 2.9 and 2.9 % after 1st, 2nd, 3rd and 4th cycles,
respectively. In the solid state, for the PCM loaded with AgNW, thermal conductivity
enhancements were ~ 129.3, 141.4, 145.0 and 142.9 % after 1st, 2nd, 3rd and 4th cycles,
respectively. It can be seen from Figs. 3.7c-d that the variations in thermal conductivity
enhancements, during thermal cycling, were negligible in the liquid state, but significant in
the solid state. This was attributed to the difference in aggregate sizes and aggregates
numbers after subsequent melting/freezing cycles. The individual nano-inclusions form
aggregates due to Van der Waal’s interaction and after subsequent thermal cycles, the
aggregates do not re-disperse reversibly [237]. Phase contrast optical microscopy studies
were carried out to ascertain the microstructural evolution after subsequent thermal cycles
and Figures 3.8a-d show the optical phase contrast microscopy images for the PCM loaded
with 0.005 wt. % of CBNP after 1st, 2nd, 3rd and 4th cycles, respectively, in the liquid sate. The
formation of micron sized aggregates of CBNP (encircled in the figure for better
visualization), after 2nd freezing cycle is clearly discernible from Fig 3.8b, which resulted in a
larger thermal conductivity enhancement in the 2nd cycle (as can be seen from Fig. 3.7c). On
the other hand, Fig. 3.8c clearly shows that after 3rd thermal cycle, larger aggregates were
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formed with lower number density, which caused a slight decrease in thermal conductivity
enhancement in the 3rd thermal cycle (thermal conductivity enhancement ~ 150.0 % at 3rd
cycle, against ~ 155.7 % after 2nd cycle). Fig. 3.8d shows the phase contrast microscopy
image after 4th cycle, where lower number of aggregates were visible, as larger aggregates
were prone to sedimentation, causing a further decrease in thermal conductivity enhancement
in the 4th cycle, as can be seen from Fig. 3.7c.

Figure 3.8 Optical phase contrast microscopy images for the PCM loaded with 0.005 wt. %
of CBNP after (a) 1st, (b) 2nd, (c) 3rd and (d) 4th cycles, in the liquid sate. The formation of
micron-sized aggregates of CBNP are clearly discernible from the images. A few aggregates
are encircled in the figures for easy identification.
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Figures 3.9a-c show the results of thermal cycling for the PCM loaded with 0.005 wt. % of
MWCNT, NiNP and CuNP, respectively. In the case of the PCM loaded with MWCNT,
thermal conductivity enhancements in the liquid state were ~ 2.1, 2.9, 1.4 and 0.0 % after 1st,
2nd, 3rd and 4th cycles, respectively. On the other hand, thermal conductivity enhancements in
the solid state were ~ 87.9, 112.1, 96.4, 89.3 % after 1st, 2nd, 3rd and 4th cycles, respectively.
For the PCM loaded with NiNP nano-inclusions, thermal conductivity enhancements were ~
4.3, 8.6, 5.7 and 5.5 % after 1st, 2nd, 3rd and 4th cycles, respectively, in the liquid state and
112.9, 117.1, 124.3, 125.2 % after 1st, 2nd, 3rd and 4th cycles, respectively, in the solid state.
For CuNP nano-inclusion loaded PCM, thermal conductivity enhancements in the liquid state
were ~ 3.6, 2.1, 2.9 and 2.1 % after 1st, 2nd, 3rd and 4th cycles, respectively. Thermal
conductivity enhancements in the solid state were ~ 100.7, 121.4, 134.3 and 132.1 % after 1st,
2nd, 3rd and 4th cycles, respectively. The variations in the thermal conductivity enhancements
in the solid state, during thermal cycling, were attributed to the irreversible aggregation
dynamics after subsequent melting/freezing cycles. Similar variation in thermal conductivity
enhancements were reported for hexadecane based PCM loaded with MWCNT and graphite
suspensions by Sun et al. [237], Zheng et al. [387] and Angayarkanni and Philip [231], where
the variations were attributed to irreversible aggregation dynamics and weak solid-fluid
interaction induced negative thermal conductivity enhancement for positive Kapitza lengths.

3.5.3 Effect of surface functionalization on thermal conductivity enhancement
To study the effect of surface functionalization on thermal conductivity enhancement,
experiments were performed using uncoated graphene nanoplatelets (GNP-UC) loaded PCM.
Fig. 3.10a shows the variation of k/kf and percentage enhancement in thermal conductivity,
as a function of temperature for the PCM loaded with five different concentrations (viz.,
0.001, 0.0025, 0.005, 0.0075 and 0.01 wt. %) of GNP-UC. For comparison, thermal
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conductivity variation of the PCM (without any nano-inclusion) is also shown in Fig. 3.10a.
It can be clearly seen from Fig. 3.10a that the variation of k/kf, as a function of temperature,
can be divided into three regions, viz. region-I (liquid state, for T> 18.3 0C), region-II (phase
transition region, 14.5 0C<T<18.3 0C) and region-III (solid state, for T < 14.5 0C), which is in
agreement with the earlier observations.

Figure 3.9 Variation of k/kf and percentage enhancement in thermal conductivity during
thermal cycling of the PCM loaded with 0.005 wt. % of (a) MWCNT, (b) NiNP and (c)
CuNP nano-inclusions.
Thermal conductivity enhancements in the liquid state (at T = 25 0C) were ~ 0.0, 2.9, 4.3, 7.9
and 5.7 % for the PCM loaded with 0.001, 0.0025, 0.005, 0.0075 and 0.01 wt. % of GNP-UC.
In the phase transition region, thermal conductivity enhancements were ~ 300, 283, 279, 280
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and 299 % for loading concentrations of 0.001, 0.0025, 0.005, 0.0075 and 0.01 wt. %. On the
other hand, thermal conductivity enhancements decreased in the solid state and became
constant below 10 0C. Thermal conductivity enhancements in the solid state (at T = 10 0C)
were ~ 82.9, 105.7, 105.7, 121.4 and 89.3 % for the PCM loaded with 0.001, 0.0025, 0.005,
0.0075 and 0.01 wt. % of GNP-UC. Table 3.2 shows the comparison of the k/kf values, as a
function of loading concentration for the PCM loaded with GNP and GNP-UC in the liquid
and solid states, where it can be seen that the variation of k/kf in the liquid state is
insignificant, whereas, in the solid state, k/kf was slightly higher for the PCM loaded with
GNP-UC. Nevertheless, at the highest concentration of 0.01 wt. %, k/kf, in the case of GNPUC, was substantially lower, which was attributed to the intense agglomeration for the
uncoated nano-inclusions.
The presence of an organic coating on the surface of the GNP increases the interfacial
thermal resistance (Kapitza resistance) of the nano-inclusions leading to a lower effective
thermal transport efficiency due to phonon scattering at the nano-inclusion/coating/PCM
interfaces, which is partially specular and partially diffusive depending on the local curvature
and roughness of the interface [436]. This is more evident in the solid state, where the
thermal transport is primarily though the percolating network of the aggregates, which
resulted in a comparatively lower thermal conductivity enhancements for the PCM loaded
with oleic acid functionalized graphene nanoplatelets (GNP). Vales-Pinzon et al. [437] also
reported an effective decrease in thermal conductivity of ethylene glycol based nanofluid
containing iron nanoparticles after surface capping with carbon. On the other hand, Li et al.
[438] reported an increase in thermal conductivity of water-based SiO2-coated-graphene
nanofluid, which was attributed to the increased hydrophilic interaction of silica coated
graphene resulting in lower interfacial thermal resistance and larger stability in the aqueous
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medium. The significant influence of surface functionalization and the role of adsorbing
moieties on thermal conductivity enhancement is studied in details [37, 439].

Figure 3.10 (a) Variation of k/kf and percentage enhancement in thermal conductivity, as a
function of temperature for the PCM loaded with five different concentrations of uncoated
GNP (GNP-UC). For comparison, thermal conductivity variation of the PCM, without any
nano-inclusion, is also shown in the figure. (b) Variation of experimentally measured k/km as
a function of theoretically calculated k/km values for the PCM loaded with various
concentrations of oleic acid functionalized GNP and uncoated GNP (GNP-UC). Here, km
indicates the thermal conductivity of the PCM, without any inclusions, in the solid state. The
experimental and theoretical data were found to be linearly correlated and the linear
regression analyses are also shown in the figure. The errors associated with the theoretical
values were less than ± 5%. Variation of k/kf and percentage enhancement in thermal
conductivity during thermal cycling of the PCM loaded with 0.005 wt. % of (c) uncoated
GNP (GNP-UC) and (d) oleic acid functionalized GNP.
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Table 3.2 Comparison of k/kf as a function of loading concentration for the PCM loaded
with GNP and GNP-UC.
Loading
(wt. %)

0.001
0.0025
0.005
0.0075
0.01

GNP
Liquid state (T =
25 0C)
k/kf
error
1.01
0.02
1.03
0.02
1.04
0.02
1.06
0.02
1.07
0.02

Solid state (T =
10 0C)
k/kf
error
1.84
0.03
1.91
0.03
2.00
0.03
2.07
0.03
2.11
0.03

GNP-UC
Liquid state (T =
Solid state (T =
0
25 C)
10 0C)
k/kf
error
k/kf
error
1.00
0.02
1.83
0.03
1.03
0.02
2.06
0.03
1.04
0.02
2.06
0.03
1.08
0.02
2.21
0.04
1.06
0.02
1.89
0.04

Effective thermal conductivity enhancements in the PCM loaded with GNP and GNP-UC
were analyzed using the model proposed by Chu et al. [440]. This model considers an
isotropic composite structure with GNP inclusions distributed randomly and the interfacial
thermal losses are represented by an average interfacial thermal resistance (RK) between the
GNP and the composite. Hence, the GNP is assumed as a two-dimensional plate of intrinsic
thermal conductivity (kg), surrounded by a hypothetical layer of material with thermal
resistance of RK. Hence, the effective thermal conductivity of GNP can be expressed by the
following equations [440].
kx 

kz 

kg
( 2 RK k g ) / L  1

kg
(2 RK k g ) / Lt  1

(3.7)

(3.8)

Here, kx and kz indicate effective thermal conductivity along the in-plane and through
thickness directions, respectively. L and Lt indicate length and thickness of the GNP,
respectively. For kx>>kz, using micromechanics theory, it can be shown that the effective
thermal conductivity (k) of a composite loaded with randomly distributed GNP inclusions can
be obtained from the following equation [440].
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k 
 [
km 3 H 

2
1
(k x / k m )  1



1
1 H
1

2
(k z / k m )  1

] 1

(3.9)

Here, km is the thermal conductivity of the composite matrix (without any nano-inclusions) in
the solid state, ϕ is the effective volume fraction of the nano-inclusions (after cluster
homogenization) and H is a geometrical factor that depends on the aspect ratio (p = L/Lt) and
can be expressed by the following equation [440].
H

ln( p  p 2  1) p
2

( p  1)

3



1
p 1
2

(3.10)

For large values of thermal anisotropy and aspect ratio, Eq. 3.10 can be reduced to a
simplified form, which is expressed by the following expression [440].
k

km H 

2
3
1
1
(k x / k m )  1

(3.11)

Theoretical values of k/km, in the case of PCM loaded with GNP and GNP-UC, were
computed using Eq. 3.11, where the value of RK was considered as 5 × 10-8 m2KW-1 for
GNP-UC [441]. Here, km indicates the thermal conductivity of the PCM, without any
inclusions, in the solid state. Fig. 3.10b shows the variation of experimentally measured k/km
as a function of theoretically calculated k/km values. It can be seen that the experimentally
measured values were linearly correlated with the theoretical values and the data was fitted
with linear regression analysis. The slope and adjusted R2 for the linear regression analyses
were ~ 0.9 ± 0.2 and 0.85, respectively, indicating quantitative agreement between the
experimental and theoretical values. It can be further seen from Fig. 3.10b that the
experimentally measured k/km for the highest loading concentration of 0.01 wt. % was
significantly lower than the theoretically calculated value, which was attributed to the
sedimentation of the large unstable aggregates of GNP-UC, which was also confirmed from
the optical phase contrast microscopy images, as subsequently discussed.
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Due to the presence of oleic acid capping on the surface, the Kapitza resistance of the surface
functionalized GNP nano-inclusions were expected to be higher and the value was
approximated based on the following equation for thermal conductivity of coated nanospheres [437].
k sp
ks

1

3s (k p  k s )
3k s  (1  s )(k p  k m )

(3.12)

Here, ksp, kp and ks indicate thermal conductivity of the surface modified nanoparticles,
uncoated nanoparticles and that of surfactant (i.e. coating material), respectively. ϕs is
expressed as ϕs = [ap/(ap+δs)]3, where ap and δs indicate radius of the nanoparticle and coating
thickness, respectively [437]. The typical thickness of oleic acid coating was considered as 2
nm [232]. The values of ksp/ks and kp/ks were obtained as 51.46 and 62.29, respectively,
which clearly showed that the effective thermal conductivity of the coated nanoparticles was
lower, as compared to the uncoated nanoparticles. Moreover, for the above calculations, a
spherical morphology of the nano-inclusions was assumed, whereas, GNP agglomerates are
fractal in nature with larger surface to volume ratio [418, 424]. The enhancement in surface
area to volume ratio from a sphere to a cube is ~ 1.24 (surface area to volume ratios of a
sphere and cube are ~ 4.836 and 6, respectively). Hence, the Kaptiza resistance for the oleic
acid functionalized GNP was approximated as 5 × 10-8 × 1.21 (effect of surface
functionalization with spherical morphology approximation) × 1.24 (correction factor for
non-spherical morphology) ~ 8 × 10-8 m2KW-1. This value was then plugged in Eq. 3.11 to
obtain the theoretical values of k/km. Fig. 3.10b shows the variation of the experimentally
measured k/km values as a function of theoretically calculated k/km values for the PCM
loaded with oleic acid functionalized GNP, where it can be seen that the experimental and
theoretical values were linearly correlated. The slope and adjusted R2 of the linear regression
analysis were ~ 0.8 ± 0.1 and 0.96, respectively, which indicated quantitative agreement
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between the calculated and experimental values. It can be further seen from Fig. 3.10b that
the agreement between the experimental and theoretical values were superior in the case of
the PCM loaded with oleic acid functionalized GNP, as compared to the PCM containing
uncoated nano-inclusions, which was attributed to the lower aggregation probability of the
former.
Figures 3.10c-d show the results of the thermal cycling for the PCMs loaded with 0.005 wt.
% of GNP-UC and surface functionalized GNP, respectively. In the case of PCM loaded with
GNP-UC, thermal conductivity enhancements in the liquid state were ~ 2.9, 0.7, 0 and 0 %
after 1st, 2nd, 3rd and 4th cycles, respectively. In the solid state thermal conductivity
enhancements were 104.3, 112.1, 80 and 77.9 % after 1st, 2nd, 3rd and 4th cycles, respectively.
On the other hand, in the case of the PCM loaded with oleic acid functionalized GNP,
thermal conductivity enhancements in the liquid state were ~ 2.1, 1.4, 0 and 0 % after 1st, 2nd,
3rd and 4th cycles, whereas, in the solid state thermal conductivity enhancements were ~ 89.3,
125.0, 121.4 and 110.7 % after 1st, 2nd, 3rd and 4th cycles, respectively. It can be seen from
Figs. 3.10c-d, that the thermal conductivity enhancements decreased after repeated thermal
cycling, which was attributed to the irreversible aggregation dynamics during subsequent
melting and freezing cycles [237]. For the PCM loaded with uncoated GNP (GNP-UC), due
to intense aggregation, during 3rd and 4th thermal cycles, a significant decrease in thermal
conductivity enhancement was seen. For increasing domain size in the case of larger
aggregates, acoustic mismatch model for long wavelength phonon predicts a lowering of
interfacial heat flux leading to a reduced effective thermal conductivity [442]. Moreover,
surface roughness increases with aggregate size, which leads to enhancement in interfacial
scattering of high frequency phonons (diffuse mismatch model) leading to an effective
lowering of thermal conductivity for very large aggregates [443].
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Optical phase contrast microscopy was carried out on the PCMs loaded with GNP and GNPUC to probe the microstructural evolution during thermal cycling. Figs. 3.11a-d and Figs.
3.11e-h show the phase contrast microscopy images for the PCMs loaded with GNP and
GNP-UC, respectively, in the liquid state, after 1st, 2nd, 3rd and 4th thermal cycles. For the
PCM loaded with GNP, it can be clearly seen from Figs. 3.11a-d that the size and number
density of the aggregates increased during 2nd thermal cycle and in the case of 3rd and 4th
cycles, aggregates numbers were nearly constant. Nevertheless, number density was the
highest during 2nd cycles and decreased during subsequent cycling due to slight
agglomeration. This resulted in a small decrease in the thermal conductivity enhancement in
the solid state for the PCM loaded with GNP during 3rd and 4th cycles, as shown in Fig.
3.10d. On the other hand, it can be seen from Figs. 3.11e-h that for the PCM loaded with
GNP-UC, intense agglomeration occurred during 3rd and 4th thermal cycles resulting in
sedimentation of the larger aggregates, which were not visible in Fig. 3.11h. This caused a
large decrease in thermal conductivity for the PCM loaded with GNP-UC during 3rd and 4th
thermal cycles, as can be seen from Fig. 3.10c.
These studies clearly show that the presence of a surfactant (oleic acid) capping on the
surface of the GNP increased the stability of the nano-inclusions resulting in good thermal
stability under cycling, without significant reduction in thermal conductivity, which is
beneficial for practical applications. The carboxylic acid group of oleic acid is bound to the
surface of the nano-inclusions, whereas the aliphatic chain is extended into the non-polar
matrix of hexadecane (PCM), which reduced the aggregation probability of the coated nanoinclusions by providing additional steric stabilization [444]. Similarly, Zeng et al. [445]
reported a superior stability of stearic acid capped MoS2 in cyclohexane, which was attributed
to the extension of the long aliphatic chains of stearic acid in the organic medium.
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Figure 3.11 (a-d) Optical phase contrast microscopy images of the PCM loaded with 0.005
wt. % of oleic acid functionalized GNP, in the liquid state after 1st, 2nd, 3rd and 4th thermal
cycles, respectively. (e-h) Optical phase contrast microscopy images of the PCM loaded with
0.005 wt. % of uncoated GNP (GNP-UC), in the liquid state after 1st, 2nd, 3rd and 4th thermal
cycles, respectively. A few aggregates are encircled in the figures for easy identification.

111

Chapter 3
Moreover, it has been reported that, for surfactant capped nano-inclusions, the thickness of
the solvation monolayer is larger (determined by the chain length of the surfactant as
compared to a few atomic distances in the case of uncoated nano-inclusions), which enhances
the coupling of the nano-inclusions with the host matrix [446]. Xia et al. [417] also reported
that surfactant capping increased the stability of the nano-inclusions. They also reported a
slight reduction in thermal conductivity for surface capped nano-inclusions, especially for
surfactants with longer chain lengths, which was attributed to the increase in Kapitza
resistance upon surface functionalization. These observations are in good agreement with the
experimental findings obtained from the present study.

3.5.4 Infrared thermography-based studies on the n-hexadecane based PCM
Infrared thermography (IRT)-based studies were carried out to map the surface temperature
distribution of the PCM (with or without nano-inclusions) during freezing and the results
were compared with the cooling curve of deionized water. For IRT-based studies, the
samples (initial temperature ~ 29 0C, i.e. well above the phase transition temperature) were
placed in a recirculating water bath maintained at T = 8 (±0.1) 0C and the sample temperature
was monitored as a function of time. Figs. 3.12a-d show the typical infrared images during
cooling of water at t = 0, 500, 1000 and 1500 s, respectively. The pseudo colour coded
temperature scale is also shown along with the images. Figs. 3.12e-h show the typical
infrared images during the freezing of the PCM (without any nano-inclusions) at t = 0, 500,
1000 and 1500 s, respectively. The infrared images were emissivity corrected to reflect the
correct temperature of the sample. Fig. 3.12 shows that the sample temperature decreased
with time, but the rate of temperature fall was lower in the case of PCM (Figs. 3.12b & f).
For quantitative analyses, a region of interest (ROI) was selected and the average
temperature, as a function of time, was determined by spatial averaging over several pixel
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locations within the ROI. Caution was exercised to avoid the edge pixels within the ROI to
minimize temperature fluctuations.

Figure 3.12 (a-d) Typical infrared images during cooling of water at t = 0, 500, 1000 and
1500 s, respectively. (e-h) Typical infrared images during the freezing of the PCM, without
any nano-inclusions, at t = 0, 500, 1000 and 1500 s, respectively. The pseudo colour-coded
temperature scale is also shown along with the images.

Figure 3.13 shows the variation of normalized temperature difference [(T-T0)/T0, where T0 is
the initial temperature] as a function of normalized time (t/tm, where tm is the maximum
observation time = 2000 s) for water, PCM without any nano-inclusions and PCM loaded
with 0.0025 and 0.0075 wt. % of GNP. Fig. 3.13 shows that water temperature decreased
exponentially with time and attained the surrounding temperature very rapidly, whereas the
PCM (with and without nano-inclusions) underwent phase transition near the freezing point
and hence, surrounding temperature was attained at a much longer time, as compared to
water, which is beneficial for practical applications in thermal energy storage and
management. The presence of the humps (the regions of the temperature-time curves with
negligible slope) in the normalized temperature decay curves indicated the phase transition
regions for the PCM (with or without nano-inclusions). The slight variations in the freezing
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temperatures of the PCM, with or without nano-inclusions, were attributed to the convection
losses from the top surface, which was kept exposed to the surrounding to ensure obstructed
field of view for thermal mapping.

Figure 3.13 Variation of the normalized temperature difference [(T-T0)/T0, where T0 is the
initial temperature] as a function of normalized time (t/tm, where tm is the maximum
observation time = 2000 s) for water, PCM without any nano-inclusions and PCM loaded
with 0.0025 and 0.0075 wt. % of GNP nano-inclusions. The presence of the phase transition
regions for the PCM (with or without nano-inclusions) is also indicated in the figure.

It can be further seen from Fig. 3.13 that the freezing process was the fastest for the PCM
loaded with 0.0075 wt. % of GNP, followed by the PCM loaded with 0.0025 wt. % of GNP
and the PCM without any nano-inclusions, in the decreasing order. This was attributed to the
higher thermal conductivity of the PCM loaded with GNP. The freezing time was estimated
as ~ 1014 (± 1), 921 (± 1) and 846 (± 1) s for the PCM without any nano-inclusions, PCM
loaded with 0.0025 and 0.0075 wt. % of GNP, respectively. For the PCM loaded with 0.0075
wt. % of GNP, the gain in freezing time was ~ 16.5 %, that indicated a proportionate increase
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in charging/discharging rate, which is immensely beneficial for practical applications of the
nano-inclusions loaded PCM for thermal energy storage [38]. Faster freezing time was also
reported by Harikrishnan et al. [49] for stearic acid-TiO2 based PCM, where the gain in
freezing time was ~ 7.03 % for 0.05 wt. % of TiO2 loading. Sari and Karaipekli [276]
reported ~ 21.4 % gain in freezing time for palmitic acid/expanded graphite based PCM with
loading concentration of 20 wt. %. On the other hand, in the present study, a moderately high
gain (~ 16.5 %) in freezing time was achieved for extremely low concentration of nanoinclusion loading (0.0075 wt. %), which is beneficial from cost factor point of view for
practical applications.
Experimental results clearly show the efficacy of IRT-based studies to remotely map the
surface temperature distribution of PCM during liquid-solid phase transition, where freezing
time can be obtained in a non-contact way. Additional advantages of IRT-based temperature
measurements include simultaneous measurement over a wide area, non-contact and noninvasive temperature mapping, real-time temperature acquisition and pseudo-colour coded
images for easy representation and data analyses.

3.6 Summary and conclusions
Thermal conductivity enhancements across the liquid-solid phase transition of hexadecanebased PCM, incorporated with six different nano-inclusions, viz. CBNP, NiNP, CuNP,
AgNW, MWCNT and GNP were systematically probed. The phase transition temperature
was determined from differential scanning calorimetry studies and the refractive index of the
PCM, in the liquid state, was found to increase with decreasing sample temperature due an
increase in density. After liquid-solid phase transition, refractive index was found to decrease
due to solidification induced cracking of the pellets. Incorporation of nano-inclusions caused
an enhancement in thermal conductivity of the PCM, which was more prominent in the solid
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state. The higher thermal conductivity in the solid state was attributed to the formation of
nano-crystalline phase on solidification, consisting of needle like microstructure, which was
confirmed from optical phase contrast microscopy. In the solid state, the nano-inclusions
were squeezed towards the inter-crystallite grain boundaries, forming a quasi 2D network of
percolating structures with high thermal transport efficiency due to the enhancement of
phonon mediated heat transfer and near-field radiative heat transfer along the thermal
trajectories. For the PCM loaded with CBNP, CuNP, MWCNT and GNP nano-inclusions,
thermal conductivity enhancements increased with concentration of the nano-inclusions due
to the formation of larger-sized aggregates with improved conduction path. On the other
hand, for the PCM loaded with NiNP and AgNW, thermal conductivity decreased at higher
concentrations of the nano-inclusions, due to the formation of larger aggregates, which were
prone to sedimentation. Among the carbon-based nano-inclusions, the highest enhancement
in thermal conductivity was obtained for the PCM loaded with CBNP nano-inclusions, which
was attributed to the low fractal dimensions and volume filling capacity of CBNP aggregates
with efficient phonon coupling. In the case of metallic nano-inclusions, the highest thermal
conductivity enhancement was obtained for the PCM loaded with AgNW nano-inclusions,
which was attributed to the large aspect ratio of AgNW. Experimental findings indicated that
surface functionalization of the GNP nano-inclusions with oleic acid resulted in better
thermal stability of the nano-inclusion loaded PCM, without significant reduction in thermal
conductivity, which is beneficial for practical applications. The carboxylic group of oleic acid
was bound to the nano-inclusions, whereas, the long aliphatic chain was extended into the
non-polar matrix of hexadecane (PCM), thereby providing additional steric stability, that
prevented formation of large and unstable aggregates, at higher loading concentration or after
repeated thermal cycling, which was also confirmed from optical phase contrast microscopy
images. Increased interfacial thermal resistance, for the surface functionalized nano116
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inclusions, was also studied theoretically and the theoretical and experimental results were
found to be in good agreement. Infrared thermography-based experiments were carried out to
monitor the sample temperature during phase transition, in a non-contact way and freezing
time gain for the nano-inclusion loaded PCM was quantified remotely using infrared
thermography. This study clearly shows the significant role of aggregation and volume filling
networks on thermal conductivity enhancement and thermal stability of nano-inclusion
loaded hexadecane. The findings from the present study will be beneficial for tailoring the
properties of nano-inclusion loaded hexadecane-based PCM for thermal energy storage and
reversible thermal switching applications at room temperature.
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Tuning of phase transition temperature of phenol and palmitic
acid-based phase change materials and thermal conductivity
enhancement upon loading with nano-inclusions

4.1 Introduction
Thermoregulation of buildings, thermal management of batteries, low temperature solarthermal applications require phase change materials with phase transition temperatures near
ambient temperatures [80]. Solid-liquid phase transition temperatures of phenol and palmitic
acids are ~ 40 and 60-63 0C [215, 217], respectively, which limits their usage in domestic
applications. Hence, the phase transition temperature of phenol and palmitic acid based
PCMs were varied by adding required amount of water and di-methyl formamide,
respectively. Thermo-physical characterization was carried out on the composite PCMs with
tunable phase transition temperatures and thermal conductivity enhancements, upon loading
with varied concentrations of different types of nano-inclusions, were systematically probed.

4.2 Tuning phase transition temperature of phenol based PCMs and nano-inclusion
assisted thermal conductivity enhancement
Phenolic resin/poly-ethylene oxide (PEO)-poly propylene oxide (PPO) block copolymer
based solid-solid phase transition type PCM has been studied earlier. However, no other
previous studies existed on PCM (solid-liquid phase transition type) consisting of phenolwater system. Though slightly toxic and corrosive, phenol-water system is one of the most
widely studied classical two-phase system with in-depth knowledge on various physical
properties, viz., solidification temperature, vapour pressure, latent heat, refractive index,
density and solubility [447, 448]. Moreover, other factors like long term stability, lack of
chemical reactions between the component, thermal repeatability and possibility of easy
scaling of phase transition temperature by varying the phenol to water ratio were also
considered for selecting the phenol-water system as PCM in the present study. Though nano118

Chapter 4
inclusion assisted thermal conductivity enhancement of phase change materials is well
studied, the effects of agglomeration kinetics and interfacial layer formation on thermal
conductivity enhancement are not well understood [50, 231, 342, 449], which also serves as
objectives of the present work.

4.2.1 Tuning of phase transition temperature of the PCM
Under ideal solution theory, Raoult’s law indicates that the vapour pressure of a solvent is
reduced by the presence of a solute and is proportional to the mole fraction [450]. Hence,
freezing point of the phenol-water system was tuned by adjusting the phenol-water ratio. Four
different concentrations of phenol-water system were prepared by mixing 0.74, 1.56, 2.55
and 3.25 wt. % of water (neglecting the impurity water content). Phenol is hygroscopic in
nature and the purity of the phenol, used in the present study, was 99.5 % with water content
< 0.5%, as indicated by the supplier. However, moisture ingress in phenol based PCM is
expected during practical applications and hence, was neglected in the present study. The
melting point of pure phenol (99.5 % purity) was estimated from differential scanning
calorimetry studies under argon atmosphere with a heating rate of 5 0C/minute. The freezing
points of the phenol-water systems with varied water concentrations were also approximately
estimated using an automatic refractometer.

4.2.2 Preparation of nano-inclusion loaded PCM
Metal oxide nanoparticles of various concentrations were dispersed in the phenol-water
system with 1.56 wt. % of water concentration (PCM) using a horn sonicator (Sonic Vibracell) operating at 30% power for approximately 1800 s. Four different concentrations of αAl2O3 and TiO2 were used, viz., 1, 2, 3 and 4 wt. %, whereas, in the case of hydrophilic SiO2,
three different concentrations were used, viz., 1, 2 and 3 wt. %. Additionally, CBNP was
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added (at concentrations of 0.02 and 0.04 wt. %) to the PCM loaded with 4 wt. % of Al2O3
and 3 wt. % of TiO2 and SiO2, respectively. For comparing the effect of hydrophobic
interactions, PCM loaded with 1 and 3 wt. % of HP-SiO2 were also prepared using the horn
sonication technique. To study the effect of concentration of nano-inclusions on
agglomeration and subsequent percolation pathways of heat transfer, atomic force
microscopy (AFM, Ntegra Prima, NT-MDT, Russia) studies were carried out on phenol
samples loaded with 1 and 4 wt. % α-Al2O3 nanoparticles. Thermal conductivity
measurements were carried out using the KD2 probe, as discussed in the 2nd chapter.

4.2.3 FTIR analysis of phenol-water system
Phenol molecules (P) can form hydrogen bonded clusters, similar to water molecules (W),
leading to the formation of complex PiWj (i >1) clusters. Ebata et al. [451] reported possible
geometries for P2, P3 and PWn (n = 1-5) clusters, using vibrational spectroscopy of phenol
and phenol-water mixtures. Using ab-initio and density functional theory based calculations,
Parthasarathi et al. [452] evaluated the stabilization energies of the PiWj clusters and it was
reported that P3W clusters were the most stable, with cluster stabilization energy of 23.6
kcal/mol (calculated using Hartee-Fock method and corrected for basis set superposition
error). Moreover, P3W clusters were found to have 4 numbers of primary hydrogen bonds
(OH…O), with typical bond lengths of 2.8-2.9 Å and 2 numbers of comparatively weaker
secondary hydrogen bonds (CH…O), with typical bond lengths of 3.6-4.2 Å [452]. Hence,
P3W type clusters (Fig. 4.1a shows a typical schematic) were assumed to exist in the phenolwater mixture, used in the present study. Fig. 4.1b shows the FTIR spectra of the phenolwater mixture (water concentration = 1.56 wt. %) loaded with α-Al2O3, TiO2 and SiO2 nanoinclusions, where the major absorption bands are indexed. For comparison, the FTIR spectra
of the phenol-water mixture is also shown in Fig. 4.1b. The strong absorption band, observed
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at 2358 cm-1, was attributed to the stretching vibrations of C=O from atmospheric CO2 [444].
The multiple bands between 1470-1595 cm-1 were due to the aromatic C=C bending and the
two relatively feeble absorption bands, at 3037 and 3068 cm-1, were attributed to the aromatic
C-H stretching [453]. The sharp absorption band, observed at 1218 cm-1, corresponded to the
C-O stretching of phenol [453]. Additionally, an absorption band at 1360 cm-1 was observed
due to the in-plane O-H bending [453]. The broad peak at 3330 cm-1 was attributed to the
hydrogen bonded O-H stretching vibrations of phenol [453, 454]. Intermolecular hydrogen
bonding leads to the weakening of the O-H bond resulting in lower energy and a free O-H
absorption band is, in general, observed at higher energy (left of the hydrogen bonded O-H
band) for dilute solutions. Nevertheless, the free O-H absorption band was not observed in
the present study, as the FTIR spectrum was recorded within 3500-900 cm-1. The O-H scissor
mode absorption band (around ~ 1630 cm-1 [453]) of water was not observed in the present
study, possibly due to lower concentration of water (1.56 wt. %) and overlapping with the
aromatic C=C absorption bands. It can be seen from Fig. 4.1b that the major absorption
bands were not shifted for phenol-water mixture loaded with various nano-inclusions, which
clearly shows the lack of chemical reactions between the functional groups of phenol and the
nano-inclusions. FTIR spectroscopy based similar analyses were also used by several other
groups to confirm the absence of chemical reactions between the host matrices and nanoinclusions [214, 235, 455].

4.2.4 Phenol-water based PCMs with tunable phase transition temperature
The intersection of the vapour pressure curves of a solution and the pure solvent is the
freezing point of the solution at a fixed concentration. Addition of solute changes the vapour
pressure of the solution leading to a depression of the freezing point. In the present study,
freezing point of phenol-water system was tuned by adding required amount of water in

121

Chapter 4
phenol. Fig. 4.2a shows the heat flow curve, obtained from DSC, for the pure phenol (99.5 %
purity), used in the present study.

Figure 4.1 (a) Schematic structure of phenol-water system consisting of 3 phenol (P1, P2 and
P3) and one water (W) molecules. (b) FTIR spectra of the phenol-water mixture (water
concentration = 1.56 wt. %) loaded with α-Al2O3, TiO2 and SiO2 nanoparticles, where the
major absorption bands are indexed. For comparison, the FTIR spectra of the phenol-water
mixture is also shown in the figure.
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Figure 4.2 (a) Heat flow curve for pure phenol (99.5 % purity), obtained from DSC studies.
(b) Variation of refractive index as a function of temperature for phenol and four different
phenol-water mixtures with 0.74, 1.56, 2.55 and 3.25 wt. % water. The depression in freezing
point is shown by the arrow. (c) Experimentally measured and theoretically calculated values
of the freezing point of phenol and phenol-water mixture containing 0.74, 1.56, 2.55 and 3.25
wt. % of water. (Inset) Variation of theoretically calculated values of freezing point
depression (ΔTf) as a function of experimentally measured ΔTf.
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It can be clearly seen from Fig. 4.2a that the peak phase transition temperature (TP) was ~
40.2 ± 0.5 0C (313.4 ± 0.5 K), which was found to be in good agreement with the values
reported in the literature, viz. ~ 40.9 0C by Cheng [456] and You et al. [457], ~ 40 0C by
Klauck et al. [397], 40.7 0C by Jones [458], etc. On the other hand, the melting process
started earlier and the melting point was estimated as ~ 34.8 ± 0.5 0C from the extrapolated
onset temperature (TO), which was found to be lower than the values reported in literature
and was attributed to the presence of water as impurity (< 0.5 wt. %).
Figure 4.2b shows the variation of refractive index as a function of temperature for phenol
and four different phenol-water mixtures with 0.74, 1.56, 2.55 and 3.25 wt. % of water. It can
be seen from Fig. 4.2b that refractive indices increased monotonically with decreasing
temperature up to the freezing point for all the cases and beyond that refractive indices
sharply decreased due to the cracking of the solidified pellets, as subsequently discussed. As
light is being absorbed and re-emitted in a medium, the speed of light in a medium is lower
than that in the vacuum. With decreasing temperature, density of the liquid increases leading
to a lowering of the speed of light, which resulted in an increased refractive index of the
liquids with decreasing temperature as shown in Fig. 4.2b. In the present study, the effect of
density on variation of refractive indices with temperature was only considered and the effect
of variation of effective polarizability with temperature of the liquids was neglected [459].
The effective refractive index of a binary liquid mixture can be expressed by the Eykman’s
model which is expressed by the following equation [460, 461].
n D2  1
n D2 1  1
n D2 2  1
(
)1  (
) 2
n D  0.4
n D1  0.4
n D 2  0.4

(4.1)

Here, nD, nD1, nD2, ϕ1 and ϕ2 indicate refractive indices of the binary mixture, first component,
second component and volume fractions of first and second components, respectively. Table
4.1 shows the experimental as well as theoretically calculated values of the refractive index
of the phenol-water system as a function of water concentration at 40 0C. It can be seen from
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Table 4.1 that the experimentally obtained values were in good agreement with the calculated
values. The measured refractive index of phenol at 40 0C (1.54001 ± 0.00004) was in
agreement with the refractive index values of 1.5408 reported by Klauck et al. [397].

Table 4.1 Experimental and theoretical refractive indices of phenol and phenol-water
systems measured at a fixed wavelength and temperature of 589.3 nm and 40 0C,
respectively.
Water concentration (wt. %)

0
0.74
1.56
2.55
3.25

Refractive index
(experimental)
(± 0.00004)
1.54001
1.53850
1.53684
1.53504
1.53193

Refractive index
(theoretical)
1.540
1.538
1.537
1.535
1.533

It can be seen from Fig. 4.2b that the freezing point decreased with increasing water
concentration and the freezing point for pure phenol (99.5 % purity) was estimated as ~ 30 0C
from refractive index measurement which was ~ 16% lower than the value estimated from
DSC (~ 34.8 ± 0.5 0C). The discrepancy of ~ 4.8 0C was attributed to the refractive indexbased measurement procedure. The estimation of freezing point from refractive index-based
measurement relies on the fact, that the pellet shaped sample cracks (as subsequently shown
in Fig. 4.3c) due to solidification induced stress, leading to the opening up of free trajectories
for light propagation, resulting in a lowering of the refractive index in the solid state. It must
be noted in this regard, that appearance of such cracks occurs after complete or partial
crystallization (as solidification induced stress is essential for formation and propagation of
such cracks) and not exactly at the phase transition temperature. Hence, it is expected that the
melting points determined from refractive index measurements will be lower, as compared to
the data obtained from calorimetry studies. Such discrepancies are further enhanced for
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liquids with strong anisotropic growth kinetics leading to the formation of needle like
microstructure during freezing (like phenol and hexadecane [237, 387]). Existence of such
needle like microstructure in phenol is subsequently shown in Fig. 4.4d. A similar
discrepancy of ~ 7 0C in the melting point of nitro-phenol was reported by Frediani [462],
using refractive index-based and standard calorimetry techniques. From refractive index
measurements the freezing points of phenol-water mixture with water concentration of 0.74,
1.56, 2.55 and 3.25 wt. % were found to be 27.5, 24.5, 21.0 and 19.0 0C, respectively.
Nevertheless, apart from a negative offset of ~ 16 %, the freezing points measured from
refractive index-based technique were found to be consistent and hence, were used for further
studies.
As the change in vapour pressure of the solution is linearly proportional to the mole fraction
of the solute, freezing point depression increased with increasing water concentration which
can be expressed by the following equation [463].
T f  T fr ( solvent )  T fr ( solution)   K f  ml  c1

(4.2)

Here, ΔTf, Tfr, Kf, ml and c1 indicate freezing point depression, freezing point of the solvent
and solution, freezing point depression constant or cryoscopic constant, molality and Van’t
Hoff factor, respectively. In the present study, considering the value of the cryoscopic
constant for phenol as 7.27 [464] and Van’t Hoff factor for water as 1, the freezing point
depression for different phenol-water mixture was theoretically calculated and Fig. 4.2c
shows the experimental and theoretically calculated values of the freezing point of phenol
and phenol-water mixture containing 0.74, 1.56, 2.55 and 3.25 wt. % of water. For this study,
the impurity water content was neglected and the freezing points obtained from refractive
index measurements were used. The inset of Fig. 4.2c shows the variation of theoretically
calculated ΔTf as a function of experimentally measured ΔTf, where it can be seen that the
theoretically calculated values were in good agreement with the experimental values and the
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data was fitted with a linear regression analysis. The adjusted R2 of the linear regression was
found to be ~ 0.99 indicating good accuracy of the theoretical calculations. From refractive
index measurements, the phase transition temperature of phenol-water mixture with 1.56 wt.
% of water was found to be ~ 24.5 0C and considering a negative offset of ~ 16 %, the true
phase transition region was expected to be within ~ 20.6-24.5 0C, which is ideal for practical
applications towards room temperature thermal energy storage and thermal switching and
hence, this composition was chosen as PCM in the present study.
Figure 4.3a shows the variation of refractive indices as a function of temperature, for pure
phenol (99.5 % purity) and phenol-water mixture with 1.56 wt. % of water in the liquid and
solid states, during backward (liquid to solid by decreasing the sample temperature) and
forward (solid to liquid by increasing the sample temperature) thermal cycles. It can be seen
that the freezing and melting points were ~ 30 and 32 0C; 24.5 and 30 0C for phenol and
phenol-water mixture during backward and forward thermal cycles, respectively. The shift in
freezing point during consecutive thermal cycles is common for such systems and various
other groups have reported such thermal hysteresis for different PCMs, using differential
scanning calorimetry measurements [214, 233] and molecular dynamics simulations [429].
The difference between the freezing and melting point (i.e. the supercooling degree) was
found to be ~ 2 and 5.5 0C for phenol and phenol-water system with 1.56 wt. % of water,
respectively, which were significantly lower than the values obtained for paraffin wax loaded
with various carbon nano-fillers (~ 8.5-7.3 0C) [214]. A reduced supercooling degree is
beneficial for improving the thermal performance of the PCM during practical applications
[465]. It can be further seen from Fig. 4.3a that the refractive indices decreased sharply after
solidification, which was attributed to the cracking of the solidified pellets. Figs. 4.3b & c
show the typical photographs of the liquid and solid phenol samples, used for refractive index
measurements and the presence of cracks were clearly discernible in the solidified pellet (Fig.
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4.3c). The cracking of the solidified pellets was attributed to the development of needle like
microstructure, during freezing, leading to the formation of solidification induced stress field
within the sample. Figs. 4.3d & e show the typical photographs of the liquid and solidified
phenol samples. Typical photographs of the liquid and solidified phenol-water system with
1.56 wt. % of water are shown in Figs. 4.3f & g.

Figure 4.3 (a) Variation of refractive indices as a function of temperature for phenol and
phenol-water mixture with 1.56 wt. % water concentration in the liquid and solid states,
during backward (liquid to solid: decrease in sample temperature) and forward (solid to
liquid: increase in sample temperature) thermal cycles. The melting and freezing points
during forward and backward cycles are indicated in the figure. Typical photographs of the
phenol samples used for refractive index measurement in the (b) liquid and (c) solid state.
Typical photographs of the (d) liquid and (e) solid phenol samples, used for thermal
conductivity measurements. Typical photographs of the (f) liquid and (g) solid phenol-water
(1.56 wt. %) samples, used for thermal conductivity measurements.

4.2.5 Nano-inclusion assisted enhancement in thermal conductivity
Figure 4.4a shows the variation of k/kf, as a function of water concentration, in the solid state
for the phenol-water system. Here, k and kf indicate the thermal conductivity of the phenolwater system and that of phenol (0.195 W/mK) in the solid state (i.e. well below the
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corresponding freezing point), respectively. At T = 15 0C, the phenol-water mixture appeared
solid, macroscopically, and hence, for T< 15 0C, the system was assumed to be in solid state
for all practical purposes, without considering the existence of biphasic mixture of liquid
water entrapped in crystalline phenol. It can be seen from Fig. 4.4a that k/kf increased with
water concentration, which was attributed to the higher thermal conductivity of water. The
value of k/kf, for phenol-water system with 1.56 wt. % of water, was found to be ~ 1.03 (±
0.05), which indicated ~ 3 % enhancement in thermal conductivity compared to phenol. Fig.
4.4b shows the variation of k/kf during repeatability test (i.e. consecutive thermal cycling) of
the phenol-water system with 1.56 wt. % of water. Here, kf indicate the thermal conductivity
of the phenol-water system in the liquid state (= 0.170 W/mK). For establishing repeatability,
several measurements of thermal conductivity were performed at a regular time interval in
the liquid state (i.e. well above the freezing point) and thereafter, the sample was allowed to
freeze below its freezing point and thermal conductivity measurements were then repeated in
the solid state (T = 15 0C). It can be clearly seen from Fig. 4.4b that the freezing and melting
cycles were perfectly reversible for the phenol-water system, even after four melting/freezing
cycles. This indicated the good thermal stability of the phenol-water system, which is
beneficial for practical applications. The k/kf value was ~ 1 in the liquid state and increased
up to ~ 1.18 (± 0.06) in the solid state, indicating ~ 18 % enhancement in the thermal
conductivity of the phenol-water system in the solid state. This value is slightly higher than
the reported value of 15 % enhancement across liquid-solid transition of phenol [466], which
was attributed to the presence of water with higher thermal conductivity (~ 0.6 W/mK at 30
0

C). The increase in thermal conductivity in the solid state was due to the formation of

closely packed nanocrystalline structure, during freezing, with regular molecular
arrangement. Similar increase in thermal conductivity across liquid-solid phase transition has
been reported by Sutherland et al. [467] and Powell et al. [468] for n-octadecane. Using
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molecular dynamics based simulation studies, Babei et al. [429] confirmed the formation of a
nanocrystalline structure, during solidification of PCM, that caused an enhancement in
thermal conductivity in the solid state, as compared to the liquid state, which was attributed
to the lack of polarized thermal waves (phonons) in the liquid state. Crystallization and
formation of needle like microstructure in solidified phenol has been confirmed in the present
study using optical phase contrast microscopy. Figs. 4.4c & d show the phase contrast optical
microscopy images for phenol in the liquid and solid states, respectively. The anisotropic
growth and formation of needle like microstructure in the solid state were clearly discernible
from Fig. 4.4d. Anisotropic effects in phenol, just before solidification, has been earlier
reported by Venart and Prasad [466] using thermal conductivity measurements. Strong
anisotropic growth kinetics and formation of needle like microstructure has also been
reported for hexadecane [387].
Figure 4.5 shows the variation of k/kf and the percentage (%) enhancement in thermal
conductivity as a function of temperature for different concentration of α-Al2O3 loading in
phenol-water system (PCM) with 1.56 wt. % of water. The effect of CBNP addition (0.02 and
0.04 wt. %) on k/kf is also shown in Fig. 4.5. It can be clearly seen from Fig. 4.5 that the
variation of k/kf with temperature can be divided into three distinct regions. For T> 25 0C, the
PCM was in the liquid state and this region was categorized as region-I. The region-II
corresponded to the phase transition region, starting from 24. 5 0C to temperature just below
the freezing point. Region-III, on the other hand, signified temperature below the freezing
point (T< 15 0C) where the PCM was macroscopically in the solid state. In the liquid state,
the thermal conductivity enhancements were ~ 2.9, 5, 5.8 and 7.0 % for 1, 2, 3 and 4 wt. % of
α-Al2O3 loading.
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Figure 4.4 (a) Variation of k/kf as a function of water concentration in the solid state for the
phenol-water system. Here, k and kf indicate the thermal conductivity of the phenol-water
system and that of phenol in the solid state, respectively. (b) Variation of k/kf during
consecutive thermal cycling of the phenol-water system with 1.56 wt. % water concentration.
Here, kf indicate the thermal conductivity of the phenol-water system in the liquid state.
Optical phase contrast microscopy images for phenol in the (c) liquid and (d) solid states. The
presence of needle like microstructure in the solid state can be clearly seen from (d).

Addition of CBNP caused a slight increase (~ 7.6 %) in the thermal conductivity
enhancement in the liquid state. The inset of Fig. 4.5 shows the enlarged view of the
variation of k/kf as a function of temperature in the liquid state. In the phase transition region
(region-II) the thermal conductivity enhancements were ~ 68.8, 75.3, 82.3 and 93.5 % for 1,
2, 3 and 4 wt. % of α-Al2O3 loading. With further decrease of temperature well below the
freezing point (region-III), the thermal conductivity values were found to decrease and
attained a constant value below T = 15 0C for all concentration of α-Al2O3. The enhancement
in thermal conductivity were ~ 25.3, 31.2, 34.1 and 41.2 % for 1, 2, 3 and 4 wt. % of α-Al2O3
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loading in the solid state. Addition of 0.02 and 0.04 wt. % of CBNP to the PCM loaded with
4 wt. % of α-Al2O3 resulted in further enhancement of thermal conductivity, viz. 44.7 and
45.9 %, respectively, in the solid state. The thermal conductivity enhancement values,
obtained in the present study were substantially higher than the earlier reported value of ~ 31
% enhancement (in solid state) for nano-Al2O3 (10 wt. %) loaded paraffin [469].

Figure 4.5 Variation of k/kf and percentage (%) enhancement in thermal conductivity as a
function of temperature for different concentrations of α-Al2O3 loading in phenol-water
system with 1.56 wt. % water concentration (PCM). Here kf indicates the thermal
conductivity (= 0.170 W/mK) of the PCM in liquid state. The effect of CBNP addition (0.02
and 0.04 wt. %) on k/kf is also shown. (Inset) Enlarged view of the variation of k/kf as a
function of temperature in the liquid state.

The increase in thermal conductivity in the solid state was due to the formation of crystalline
structure of the PCM after freezing [231, 387, 468].

The observed higher thermal

conductivity in the phase transition region was attributed to the effective heat transfer through
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the continuous networking structures formed during phase transition due to strong anisotropic
growth kinetics of phenol-water system [231, 466]. Formation of needle like microstructure
during freezing (as confirmed from phase contrast optical microscopy images in Fig. 4.4d)
resulted in an improved contact between the dispersed nano-inclusions [387]. It has been
reported that, in crystal forming liquids loaded with nano-inclusions, the nanoparticles are
squeezed towards the grain boundaries during freezing [387, 470, 471]. The internal stress
generated during freezing increased the contact area between the nano-inclusions, thereby
reducing the thermal barrier resistance leading to an enhancement in thermal conductivity
through a quasi-2D network of percolating structures [234, 237, 387]. Studies show that
slower cooling rate leads to the formation of longer and thicker needle like microstructure
with larger enhancement in thermal conductivity [395]. The scenario is schematically shown
in Fig. 4.6, where the presence of percolating structures (i.e. aggregates of nano-inclusions) is
shown along the grain boundaries. It is hypothesized that in the solid state (region-III), well
below the freezing point, thermal conductivity enhancement was lower, as compared to the
phase transition region (region-II) due to changes in the microstructure, where longer needles
were broken down to shorter needles, probably due to solidification induced stress [387].
Figure 4.7 shows the variation of k/kf and the percentage (%) enhancement in thermal
conductivity as a function of temperature for the PCM loaded with different concentration of
SiO2. Here the concentration of SiO2 was limited to 3 wt. % to avoid gel formation. The
effect of CBNP addition (0.02 and 0.04 wt. %) on k/kf and % enhancement in thermal
conductivity is also shown in Fig. 4.7. For comparison, thermal conductivity variation of the
PCM (without any nano-inclusions) is also shown in Fig. 4.7. It can be clearly seen from Fig.
4.7 that the general trend of k/kf as a function of temperature remained similar to that
obtained for the PCM loaded with various concentrations of α-Al2O3. The inset of Fig. 4.7
shows the enlarged view of the variation of k/kf in the liquid state.
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Figure 4.6 Schematic diagram showing the aggregation induced thermal conductivity
enhancement of nano-inclusion loaded PCM. During liquid-solid phase transitions, the nanoinclusions are squeezed towards the grain boundary forming a network of percolating
structures which enhances the thermal conductivity. The percolation path and needle like
microstructures are indicated suitably in the figure.

In region-I, the enhancement in thermal conductivity were ~ 1.8, 4.1 and 2.9 % for 1, 2 and 3
wt. % of SiO2 loading, respectively. Addition of 0.02 and 0.04 wt. % of CBNP, in the liquid
state, caused a slight increase in thermal conductivity resulting in an enhancement of ~ 3.5
and 4.1 %, respectively. It must be noted in this regard that for SiO2 nano-inclusions, increase
in concentration did not cause a monotonic rise in thermal conductivity in the liquid state,
which was in contrast to the observations made for α-Al2O3 (Fig. 4.5). In the phase transition
region (region-II), the thermal conductivity enhancements were ~ 50.5, 58.8 and 68.2 % for
1, 2 and 3 wt. % of SiO2 loading. In region-III, well below the freezing point, the thermal
conductivity values were found to decrease and attained a constant value below T = 15 0C for
all concentration of SiO2. In this region, the enhancement in thermal conductivity were ~
25.2, 30.0 and 38.2 % for 1, 2 and 3 wt. % of SiO2 loading. In the solid state, enhancement in
thermal conductivity increased with increasing concentration of the nano-inclusions which
was found to be in agreement with the earlier observations made for PCM loaded with
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different concentrations of α-Al2O3. Addition of 0.02 and 0.04 wt. % of CBNP to the PCM
loaded with 3 wt. % of SiO2 caused the thermal conductivity to increase further resulting in ~
41.7 and 45.3 % enhancement in thermal conductivity, respectively, in the solid state.

Figure 4.7 Variation of k/kf and percentage (%) enhancement in thermal conductivity as a
function of temperature for different concentrations of SiO2 loading in phenol-water system
with 1.56 wt. % water concentration (PCM). The effect of CBNP addition (0.02 and 0.04 wt.
%) on k/kf is also shown. (Inset) Enlarged view of the variation of k/kf as a function of
temperature in the liquid state.

Due to the presence of silanol (Si-OH) groups on its surface, fumed SiO2 is generally
hydrophilic. Hydrophobic silica (HP-SiO2), on the other hand, has polydimethylsiloxane
group (hydrophobic) chemically bonded to its surface. To study the effects of hydrophobic
interactions on thermal conductivity enhancement, further experiments were performed on
PCM loaded with 1 and 3 wt. % of HP-SiO2 and the results were compared with those
obtained from PCM loaded with hydrophilic silica (SiO2). Fig. 4.8 shows the variation of k/kf
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and percentage (%) enhancement in thermal conductivity as a function of temperature for the
PCM loaded with 1 and 3 wt. % of HP-SiO2. For comparison, thermal conductivity variation
of the PCM (without any nano-inclusions) is also shown in Fig. 4.8. The inset of Fig. 4.8
shows the enlarged view of the variation of k/kf in the liquid state.

Figure 4.8 Variation of k/kf and percentage (%) enhancement in thermal conductivity as a
function of temperature for two different concentrations (1 and 3 wt. %) of hydrophobic SiO2
(HP-SiO2) loading in phenol-water system with 1.56 wt. % water concentration (PCM).
(Inset) Enlarged view of the variation of k/kf as a function of temperature in the liquid state.

In the liquid state, thermal conductivity enhancements were ~ 2.4 and 1.7 % for the PCM
loaded with 1 and 3 wt. % of HP-SiO2, respectively. In the phase transition region (region-II),
the thermal conductivity enhancements were ~ 75.6 and 64.7 % for 1 and 3 wt. % of HP-SiO2
loading, respectively. On the other hand, for temperature well below the freezing point (in
region-III), 22.3 and 26.5 % enhancement in thermal conductivity were observed for PCM
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loaded with 1 and 3 wt. % of HP-SiO2, respectively. Table 4.2 shows the comparison of %
enhancement in thermal conductivity of the PCM loaded with 1 and 3 wt. % of SiO2 and HPSiO2.

Table 4.2 Comparison between the % enhancements in thermal conductivity for PCM
loaded with 1 and 3 wt. % of SiO2 and HP-SiO2.
Region

Liquid
(region-I)
(T = 35 0C)
Solid
(region-III)
(T = 15 0C)

SiO2

HP-SiO2

Concentration

% enhancement in
thermal
conductivity

Concentration

% enhancement in
thermal conductivity

1 wt. %
3 wt. %

1.8 ± 0.1
2.9 ± 0.1

1 wt. %
3 wt. %

2.4 ± 0.1
1.7± 0.1

1 wt. %

25.2 ± 1.2

1 wt. %

22.3 ± 1.1

3 wt. %

38.2 ± 1.9

3 wt. %

26.5 ± 1.3

It can be clearly seen from Table 4.2 that thermal conductivity enhancement was lower for
the PCM loaded with HP-SiO2 and this was attributed to the higher thermal barrier resistance
or Kaptiza resistance (resistance to heat flow across an interface) for hydrophobic interaction
[391]. Theoretical studies indicate that thermal barrier resistance is significantly higher for
negligible or limited wettability (i.e. hydrophobic interfaces) [472, 473]. Shenogina et al.
[474] reported that the Kapitza conductance is linearly proportional to the work of adhesion
and hence, thermal barrier resistance was higher for hydrophobic interactions. Ge et al. [475]
reported the typical values of thermal barrier resistance for hydrophilic and hydrophobic
interfaces as 0.67×10-8 and 2.0×10-8 Km2W-1, respectively, where the higher (~ 3 times)
thermal barrier resistance for the hydrophobic interfaces was attributed to the critical role of
the hydration layer across the solid-liquid interface with different surface properties. Hence,
the lower enhancement in thermal conductivity of the PCM loaded with HP-SiO2, as
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compared to the PCM loaded with SiO2 was attributed the hydrophobicity of the PCM/HPSiO2 interfaces which resulted in a higher Kapitza resistance, thereby reducing the effective
heat transfer through the percolating structures. It can be further observed from Table 4.2 that
the detrimental effect of hydrophobic interaction on thermal conductivity was more evident at
higher concentration of the nano-inclusions, where the effective heat transfer is primarily
through the percolating structures [342] and hence, thermal barrier resistance played a more
prominent role on the efficiency of heat transfer. This clearly shows that the surface
properties of the nano-inclusions also plays an important role in the Kapitza resistance and in
the effective thermal transport [439].
Figure 4.9 shows the variation of k/kf and the percentage (%) enhancement in thermal
conductivity as a function of temperature for the PCM loaded with 1, 2, 3 and 4 wt. % of
TiO2. The effect of CBNP addition (0.02 and 0.04 wt. %) on k/kf and % enhancement in
thermal conductivity is also shown in Fig. 4.9. The inset of Fig. 4.9 shows the enlarged view
of the variation of k/kf with temperature in the liquid state. In the liquid state, thermal
conductivity enhancements were ~ 2.4, 7.1, 8.2 and 9.4 % for 1, 2, 3 and 4 wt. % of TiO2
loading, respectively. Addition of 0.02 and 0.04 wt. % of CBNP to the PCM loaded with 3
wt. % of TiO2 resulted in thermal conductivity enhancements of ~ 8.8 and 5.9 %, respectively
in the liquid state. In the phase transition region, thermal conductivity enhancements were ~
55.9, 64.7, 76.5 and 70.6 % for 1, 2, 3 and 4 wt. % of TiO2 loading, respectively. On the other
hand, in the solid state, well below the freezing point, thermal conductivity values were
constant below 15 0C and the thermal conductivity enhancements were ~ 26.5, 32.3, 38.2 and
33.5 % for the PCM loaded with 1, 2, 3 and 4 wt. % of TiO2, respectively. It was observed
from Fig. 4.9, that the thermal conductivity increased with concentration of TiO2 in the liquid
state, whereas in the solid state, for TiO2 concentration beyond 3 wt. %, thermal conductivity
decreased. Addition of 0.02 and 0.04 wt. % of CBNP to the PCM loaded with 3 wt. % of
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TiO2 resulted in ~ 41.2 and 39.4 % enhancement in thermal conductivity, respectively, in the
solid state.

Figure 4.9 Variation of k/kf and percentage (%) enhancement in thermal conductivity as a
function of temperature for different concentrations of TiO2 loading in phenol-water system
with 1.56 wt. % water concentration (PCM). The effect of CBNP addition (0.02 and 0.04 wt.
%) on k/kf is also shown. (Inset) Enlarged view of the variation of k/kf as a function of
temperature in the liquid state.

Figures 4.10a-c show the variation of k/kf and % enhancement in thermal conductivity in the
solid (T = 15 0C) and liquid (T = 35 0C) states for the PCM loaded with different
concentrations of α-Al2O3, SiO2 and TiO2, respectively. For all three nano-inclusions, thermal
conductivity increased with concentration in the liquid state. In the liquid state, the maximum
enhancements in thermal conductivity were ~ 7, 2.9 and 9.4 % for 4, 3 and 4 wt. % of αAl2O3, SiO2 and TiO2, respectively. On the other hand, the thermal conductivity
enhancements were substantially higher in the solid state, which was attributed to the
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formation of needle like microstructure of the PCM during freezing that squeezed the nanoinclusions towards the grain boundaries, thereby, forming a network of percolating structures
for efficient heat transfer [231, 237, 387]. It can be further seen from Figs. 4.10a-c that the
thermal conductivity of the nano-inclusion loaded PCM in the solid state increased with
concentration of the nano-inclusions. In the present study, the maximum enhancements in
thermal conductivity were ~ 41.2 and 38.2 % for PCM loaded with 4 and 3 wt. % of α-Al2O3
and SiO2, respectively. The nano-inclusions tend to form aggregates due to weak van der
Waal’s interaction and such aggregation leads to an increase in thermal conductivity due to
the percolation effects, as nanoparticles of higher thermal conductivity (as compared to the
PCM) are in physical contact with each other within an aggregate characterized by their
radius of gyration (Rg), which is several times larger than the size of the individual nanoinclusions [342]. With increasing concentration of the nano-inclusions, the aggregates grow
in size (but within the limit of well dispersed aggregates), thereby, enhancing the thermal
conductivity of the PCM loaded with nano-inclusions primarily due to two reasons, viz.
effective heat conduction through a larger network of percolating structure and reduced
thermal barrier resistance due to the improved contact between the nano-inclusions. Higher
enhancement in thermal conductivity for larger concentration of nano-inclusions have been
reported for various other types of organic phase change materials due to the formation of
percolating structures [214, 231, 237, 387].
On the other hand, in the case of PCM loaded with TiO2 nanoparticles, initially thermal
conductivity increased with concentration of the nano-inclusion and attained a maximum
value of ~ 38.2 % at 3 wt. % and beyond that decreased to ~ 33.5 % at 4 wt. % concentration
of TiO2. The sedimentation velocity (Vs) of a concentrated sample is expressed as Vs = V0[(1ϕ)/1+Mϕ/(1-ϕ)3] [341], where M is a numerical constant (~ 4.6), ϕ is the effective volume
fraction of the solute and V0 is the sedimentation velocity at infinite dilution, which is
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linearly proportional to the density difference (Δρ) of the nano-inclusion and the PCM, i.e. V0
~ Δρ [50]. As the density of TiO2 is the highest among the three nano-inclusions, used in the
present study (typical values for density of TiO2, α-Al2O3 and SiO2 are ~ 4.23, 4.1 and 0.16
g/cc, respectively [38]), it is prone to agglomeration at higher concentration, which seems to
have caused the decrease in the thermal conductivity for the PCM loaded with 4 wt. % of
TiO2. Initially thermal conductivity increases with aggregate size and the enhancement in
thermal conductivity is optimal for well-dispersed aggregates (due to formation of high
thermal conductivity percolation network) and beyond that, thermal conductivity decreases
for larger aggregates [342].

Figure 4.10 Variation of k/kf and % enhancement in thermal conductivity in the solid (T = 15
C) and liquid (T = 35 0C) state for the PCM loaded with different concentrations of (a) αAl2O3, (b) SiO2 and (c) TiO2. (d) k/kf as a function of concentration (in volume fraction) for
PCM loaded with α-Al2O3, SiO2 and TiO2 in the liquid state. The theoretical curve (effective
medium theory) for k/kf variation is also shown.

0
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Formation of such large aggregates caused a decrease in thermal conductivity of the PCM
loaded with 4 wt. % of TiO2 as seen in Fig. 4.10c. This can be explained on the basis of
fractal morphologies of the nano-inclusions aggregates, which is embedded within a sphere
of radius Rg (radius of gyration) and consisted of a backbone (a quasi-continuous network of
nano-inclusions spanning the entire sphere) and randomly placed nanoparticles which are
known as dead-ends [341]. Effective thermal transport occurs via the backbone, due to its
connectivity, and in larger aggregates the number of dead-ends increases, which does not
necessarily contribute to an enhancement in thermal conductivity. Moreover, such large
aggregates are prone to sedimentation due to gravitational force, resulting in a decrease in the
thermal conductivity at higher concentrations [38]. Similar decrease in thermal conductivity
for higher concentration of graphite loading was reported by Zheng et al. [387] for
hexadecane based PCM.
It must be noted in this regard that the thermal conductivity enhancement (in solid state) of
PCM loaded with 3 wt. % of α-Al2O3, SiO2 and TiO2 were ~ 34.1, 38.2 and 38.2 %,
respectively. The bulk thermal conductivity of α-Al2O3, SiO2 and TiO2 are ~ 35, 1.4 and 15
W/mK, respectively [38]. This clearly shows that though the bulk thermal conductivity was
the highest for α-Al2O3, thermal conductivity enhancements were higher for the PCM loaded
with SiO2 and TiO2 nano-inclusions. This is in agreement with the classical effective medium
theory where the thermal conductivity in dispersions is primarily dependent on the effective
concentration of the dispersed phase and not on the bulk thermal conductivity of the
suspended particles [231]. Fig. 4.10d shows the variation of k/kf of the nano-inclusion loaded
PCM, in the liquid state, as a function of concentration (in volume fraction) of the nanoinclusions. The theoretical plot for effective medium theory is also shown in Fig. 4.10d. For
α-Al2O3 and TiO2, the experimentally measured k/kf values were higher than the theoretically
expected values, which indicated the presence of aggregates in these systems [289]. On the
142

Chapter 4
other hand, for PCM loaded with SiO2, the experimentally measured k/kf values were found
to be systematically lower than the theoretically calculated values.
To obtain insight into the microstructural evolution of the PCM loaded with nano-inclusions,
phase contrast optical microscopy was carried out and the results are shown in Fig. 4.11 for
the PCM loaded with different concentrations of α-Al2O3. Figs. 4.11a-d show the phase
contrast images of the PCM loaded with 1, 2, 3 and 4 wt. % of α-Al2O3, respectively, in the
liquid state. These images were obtained after sonicating the samples for 10 minutes. The
evolution of the aggregates with increasing concentration of the nano-inclusions is evident
from Figs. 4.11a-d. With increasing concentration of the nano-inclusion, aggregate size
increased and inter-aggregate spacing decreased. Nevertheless, the aggregates were well
dispersed and no large-scale sedimentation was observed. Figs. 4.11e-h show the phase
contrast images of the PCM loaded with 1, 2, 3 and 4 wt. % of α-Al2O3, respectively, in the
solid state. These images were obtained at ~ 20 0C, i.e. well below the freezing point and
corresponded to region-III in Fig. 4.5. The needle like microstructure of the phenol-water
system can be clearly seen from the phase contrast images. The presence of nano-inclusions
at the grain boundaries were also clearly discernible. It was further observed that the
aggregate size increased with the concentration of α-Al2O3. These aggregates formed a
network of percolating structure for efficient heat transfer, resulting in an enhanced thermal
conductivity [387].
Figure 4.12a shows a topography image (2 μm × 2 μm), obtained from atomic force
microscopy (AFM), for 1 wt. % α-Al2O3 loaded in phenol. The topography image was
obtained by drop-casting the liquid samples, after 10 minutes of sonication, on a freshly
cleaved mica surface and dried in situ at 22 0C. The aggregates of α-Al2O3 were clearly
discernible from the topography image. Fig. 4.12b shows the 3d image of Fig. 4.12a, where
the presence of the aggregates was clearly seen. Grain analysis was performed using a
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Gaussian Kernel of 5th order and Fig. 4.12c shows the grain distribution superimposed on the
topography image. Fig. 4.12d shows the topography image (5 μm × 5 μm) for 4 wt. % αAl2O3 loaded in phenol, where the presence of larger aggregates was clearly discernible. Fig.
4.12e shows an enlarged view (2 μm × 2 μm) of a section of Fig. 4.12d (marked by the
rectangle), which clearly indicated the presence of larger aggregates for higher concentration
of nano-inclusions. It can be further seen from Fig. 4.12e that the aggregates were closely
packed in this case, which resulted in a more efficient heat transfer through the network of
percolating structure. This was also confirmed from grain analysis, which is shown in Fig.
4.12f. It is evident from Fig. 4.12f that the contact area between the closely packed larger
aggregates was higher, which resulted in a decreased thermal barrier resistance, thereby
aiding in efficient heat transfer [342].

Figure 4.11 Optical phase contrast microscopy images of the PCM loaded with 1, 2, 3 and 4
wt. % of α-Al2O3, in the (a-d) liquid and (e-h) solid states, respectively.
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Figure 4.12 (a) Topography image (2 μm × 2 μm), obtained from atomic force microscopy
(AFM), for 1 wt. % α-Al2O3 loaded in phenol. The high thermal conductivity percolation
paths are indicated by the white arrows. (b) 3d image of (a). (c) Grain distribution (obtained
using 5th order Gaussian kernel) superimposed on the topography image (a). (d) Topography
image (5 μm × 5 μm) for 4 wt. % α-Al2O3 loaded in phenol. (e) A magnified view (2 μm × 2
μm) of a section (marked by the green rectangle) of (d). (f) Grain distribution (obtained using
5th order Gaussian kernel) superimposed on the topography image (e).

The repeatability tests (thermal cycling) for the PCM loaded with 4 and 3 wt. % of α-Al2O3
and SiO2 are shown in Figs. 4.13a-b, respectively. During thermal cycling, thermal
conductivity measurements were done at a temperature well above the freezing point (T = 35
0

C) and then the sample was frozen to a temperature (15 0C) well below the freezing point

and the thermal conductivity measurements were repeated several times. Though the freezing
and melting cycles were perfectly symmetrical for the PCM (see Fig. 4.4b), some deviations
were observed for the PCM loaded with nano-inclusions, especially in the solid state. In the
case of α-Al2O3, the thermal conductivity enhancements in the liquid state were ~ 6.5, 2.9,
1.8 and 1.2 % after 1st, 2nd, 3rd and 4th cycle, respectively. On the other hand, thermal
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conductivity enhancements in the solid state were ~ 35.9, 31.8, 30.6 and 29.4 % after 1st, 2nd,
3rd and 4th cycle, respectively. In the case of SiO2 loaded PCM, thermal conductivity
enhancements in the liquid state were ~ 5.9, 2.4, 1.8 and 1.8 % after 1st, 2nd, 3rd and 4th cycle,
respectively, whereas, thermal conductivity enhancements in the solid state were ~ 33.5, 26.5,
24.7 and 23.5 % after 1st, 2nd, 3rd and 4th cycle, respectively. It can be seen from Fig. 4.13 that
thermal conductivity decreased slightly in both the cases after repeated freezing-melting
cycles which was attributed to the agglomeration of nano-inclusions after several thermal
cycles and changes in thermal barrier resistance [231]. Studies show a negative thermal
conductivity enhancement for positive Kapitza length due to weak solid-fluid interaction [45,
473]. The acoustic mismatch model for long wavelength phonons predicts a lowering of
interfacial heat flux (directly proportional to thermal barrier conductance) with increasing
domain size for larger aggregates [442]. On the other hand, diffuse mismatch model for high
frequency phonons predicts an increased scattering from the interfaces due to physical
roughness [443], which increases with the aggregate size, thereby increasing the thermal
barrier resistance for larger aggregates. Hence, phonon scattering at the grain boundaries and
aggregate interfaces leads to the degradation of thermal conductivity due to the formation of
larger aggregates after a few thermal cycles [476].
Figures 4.14a-c show the variation in thermal conductivity enhancement after addition of
0.02 and 0.04 wt. % of CBNP to the PCM loaded with 4 wt. % of α-Al2O3, 3 wt. % of SiO2
and 3 wt. % of TiO2, respectively, in the solid state. For ease of comparison, thermal
conductivity enhancement of the PCM (without any nano-inclusions) in the solid state is also
shown. For α-Al2O3, the thermal conductivity enhancement was ~ 41.2 % for the PCM
loaded with 4 wt. % of α-Al2O3 and addition of 0.02 and 0.04 wt. % CBNP caused an
increase in thermal conductivity enhancement to ~ 44.7 and 45.9 %, respectively.
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Figure 4.13 Variation of k/kf and % enhancement in thermal conductivity during
repeatability tests (thermal cycling) for the PCM loaded with (a) 4 wt. % of α-Al2O3 and (b) 3
wt. % of SiO2.

In the case of SiO2, the thermal conductivity enhancement was ~ 38.2 % for PCM loaded
with 3 wt. % of SiO2 and addition of 0.02 and 0.04 wt. % CBNP resulted in further increase
of thermal conductivity enhancement to ~ 41.7 and 45.3 %, respectively. On the other hand,
thermal conductivity enhancement was ~ 38.2 % for the PCM loaded with 3 wt. % of TiO2
and with addition of 0.02 wt. % of CBNP thermal conductivity enhancement initially
increased to ~ 41.2 % and then decreased to ~ 39.4 % for addition of 0.04 wt. % CBNP. It has
been reported that CBNP primarily consist of aggregates and agglomerates (aciniform
structure: grape like) of the primary particles (nodules) [407] and Fig. 4.14d schematically
shows the primary particle (in red) and aggregates of CBNP. Due to the formation of
aggregates, addition of CBNP to the PCM resulted in formation of additional high thermal
conductivity percolation path, which caused further enhancement of thermal conductivity. It
has been reported that addition of CBNP fills up the free volume and reduces inter-aggregate
(of nano-inclusions) gaps thereby enhancing the conductive trajectories [431]. Leong and
Chung [477] reported higher thermal conductivity for thermal paste containing CBNP
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dispersions which was attributed to the compressibility of CBNP aggregates that acts as high
conductivity volume filling agents. For nano-inclusion loaded PCM, even in the presence of
aggregates, thermal conductivity enhancement through the percolating network is limited due
to the thermal barrier resistance at aggregate/PCM or aggregate/aggregate interfaces [432]. A
study shows that even in the case of direct aggregate/aggregate interfaces, the heat transfer is
limited due to phonon mismatch at the interfacial curvature (also seen from AFM images, see
Fig. 4.12) [433]. Smaller aggregates of CBNP acts as volume filling agents and enhances the
heat transfer through the percolating network due to improved aggregate/aggregate and
aggregate/PCM interactions [431, 432]. Wu et al. [236] reported a substantial increase in
thermal conductivity of carbon black/octadecane PCM which was attributed to the low fractal
dimension of CBNP.
Our results show that addition of CBNP resulted in a synergistic increase in thermal
conductivity of the PCM loaded with α-Al2O3 and SiO2. In the case of PCM loaded with 3 wt.
% of TiO2, addition of addition of 0.04 wt. % of CBNP caused a decrease in thermal
conductivity which was attributed to the formation of larger aggregates, which were not well
dispersed. The synergistic effect (s) of CBNP addition was quantified by estimating the
difference between the k/kf values: s = [(k/kf)n-PCM+CBNP-(k/kf)n-PCM] ×100 %, where (k/kf)nPCM+CBNP

and (k/kf)n-PCM indicate the k/kf values of the PCM loaded with nano-inclusions and

CBNP and PCM loaded with nano-inclusions only, respectively. The values of s were ~ 3.53
and 4.71 % for 0.02 and 0.04 wt. % of CBNP addition, respectively, to the PCM loaded with
4 wt. % of α-Al2O3. In the case of PCM loaded with 3 wt. % of SiO2, the values of s were ~
3.53 and 7.06 % for 0.02 and 0.04 wt. % of CBNP addition, respectively. On the other hand,
in the case of PCM loaded with 3 wt. % of TiO2, s was ~ 2.94 % for 0.02 wt. % of CBNP
addition which reduced to 1.18 % for 0.04 wt. % of CBNP addition due to higher aggregation
probability of TiO2.
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Figure 4.14 Variation of k/kf and % enhancement in thermal conductivity on addition of 0.02
and 0.04 wt. % of CBNP to the PCM loaded with (a) 4 wt. % of Al2O3, (b) 3 wt. % of SiO2
and (c) 3 wt. % of TiO2. (d) Schematic illustration of the primary particle and aggregates of
CBNP. The high thermal conductivity percolation path is also indicated in the figure.
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Figure 4.15a shows the temperature rise as a function of time for the PCM loaded with 1, 2
and 3 wt. % of α-Al2O3. Here the sample was initially placed in a recirculating water bath at
14 0C and thereafter heated at a rate of ~ 1-1.5 0C/minute. The sample temperature was
monitored as a function of time using a platinum resistance thermometer. It can be clearly
seen that the sample temperature increased linearly with time and below the phase transition
region, the rate of temperature rise was the lowest for the PCM and increased with the
concentration of the nano-inclusions. The higher rates of temperature rise for the nanoinclusion loaded PCM was due to the enhancement in thermal conductivity and Fig. 4.15b
shows the variation of k/kf as a function of melting rate ratio (normalized with respect to the
melting rate of the PCM). It was observed that k/kf increased linearly with the melting rate
ratio. The slope and adjusted R2 for the linear regression analysis were ~ 0.45 ± 0.05 and
0.97, respectively. It was also observed from Fig. 4.15b that the melting rates were ~ 13, 31
and 33 % higher (as compared to the melting rate of the PCM) with 1, 2 and 3 wt. % of αAl2O3 loading, which was higher than the previously reported value of 27% increase in
melting rate for nano Al2O3 (10 wt. %) loaded paraffin wax [469]. This shows the superior
efficacy of the α-Al2O3 loaded phenol-water PCM for efficient heat transfer at a faster rate,
which is advantageous for fabrication of efficient PCM based components. Fig. 4.15c shows
the temperature variation as a function of time for the PCM loaded with 1, 2 and 3 wt. % of
SiO2, where it was observed that the melting rate increased with the concentration of the
nano-inclusion. Fig. 4.15d shows the variation of k/kf as a function of melting rate ratio for
the SiO2 loaded PCM, where it was observed that k/kf linearly increased with the melting rate
ratio. The adjusted R2 and slope of the linear regression analysis were ~ 0.85 and 0.5 ± 0.1,
respectively. Figs. 4.15e-f show the similar analyses for the PCM loaded with 1, 2 and 3 wt.
% of TiO2 and the slope and adjusted R2 for the linear regression analysis (Fig. 4.15f) were ~
0.7 ± 0.1 and 0.9, respectively. Fig. 4.15 clearly shows that the rate of temperature rise is
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directly correlated with the nano-inclusion assisted enhancement in thermal conductivity of
the PCM and shows the efficacy of nano-inclusion loaded phenol-water based PCM for room
temperature thermal energy storage with faster heating/cooling rates.

Figure 4.15 (a) Temperature rise as a function of time for the PCM loaded with 1, 2 and 3 wt.
% of α-Al2O3. (b) Variation of k/kf as a function of melting rate ratio (normalized with
respect to the melting rate of the PCM) in the case of α-Al2O3 loaded PCM. The data is fitted
with linear regression analysis. (c) Temperature rise as a function of time for the PCM loaded
with 1, 2 and 3 wt. % of SiO2. (d) Variation of k/kf as a function of melting rate ratio in the
case of SiO2 loaded PCM. The data is fitted with linear regression analysis. (e) Temperature
rise as a function of time for the PCM loaded with 1, 2 and 3 wt. % of TiO2. (f) Variation of
k/kf as a function of melting rate ratio in the case of TiO2 loaded PCM. The data is fitted with
linear regression analysis.
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4.3 Tuning phase transition temperature of palmitic acid based PCMs and nanoinclusion assisted thermal conductivity enhancement
Palmitic acid has been chosen as the phase change material, owing to its several beneficial
properties such as, high latent heat of phase change, low supercooling, non-toxicity, noncorrosiveness, smaller volume changes during solid-liquid phase transition and repeatable
thermal properties even after consecutive thermal cycles [124, 276, 478]. Additionally,
palmitic acid is derived from raw vegetables and animal sources, which is environment
friendly [276]. Earlier studies on palmitic acid based PCMs, loaded with various types of
metallic and carbon based nano-inclusions have shown improved thermal stability, significant
thermal conductivity enhancements and usability in practical applications [60, 70, 219, 247,
479, 480]. On the other hand, Lee et al. [481] proposed a PCM consisting of anhydrous and
hydrated palmitic acid/camphene solid dispersions with high latent heat and specific heat.
The major objectives of the present study are twofold, viz. (1) to achieve significant thermal
conductivity enhancement in a PCM using a comparatively cheaper carbon-based nanoinclusions with lower density and (2) to experimentally probe the aggregation dynamics and
cluster formation, during liquid solid phase transition of nano-inclusion loaded PCMs.

4.3.1 Tuning of phase transition temperature and characterization of the PCM
The palmitic acid (PA)-dimethyl formamide (DMF) weight ratio was varied to tune the phase
transition temperatures of the PA-DMF composite PCMs. Four different PA-DMF composite
PCMs were prepared by adding 16.6, 27.4, 50.5 and 59.4 wt. % of DMF in PA. DMF (liquid
at room temperature) was added in the required proportion to pristine PA in the liquid state
(temperature maintained at 65 ± 1 0C). Thereafter, the mixtures were subjected to magnetic
stirring for 1200 s at 62 ± 1 0C, followed by water bath sonication for 600 s at T = 60 ± 1, 50
± 1, 40 ± 1 and 35 ± 1 0C for composite PCMs with 16.6, 27.4, 50.5 and 59.4 wt. % of DMF.
The water bath temperature was kept constant at ~ 5 0C higher than the corresponding
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melting point (subsequently discussed) of the composite PCMs for proper mixing. The
composite PCMs were subjected to differential scanning calorimetry (DSC) studies to
ascertain the phase transition temperature and latent heat values. DSC studies were carried
out in an argon environment with a heating rate of 3 0C/minute. For DSC measurements, the
errors associated with the peak phase transition temperature, onset temperature and latent
heat values were ~ ± 0.1 0C, ± 0.5 0C and 0.4 kJ/kg, respectively. The phase transition
temperatures of the composite PCMs were also estimated in a non-contact way using infrared
thermography (IRT) during melting. The samples were collected in a glass vial and placed
inside a beaker, which was, in turn, immersed within a recirculating water bath with
controllable temperature. The initial temperature of the samples was maintained at ~ 20 ± 1
0

C and the water bath temperature was allowed to rise, during which the rise in PCM

temperature was mapped over the top surface using a FLIR SC5000 series infrared camera,
placed vertically above the samples at a distance of ~ 0.35 m. The phase transition
temperatures were estimated from the changes in slopes of the temperature-time curves.
Further, variation of temperature dependent refractive indices (at a wavelength of ~ 589.3
nm) of the PA-DMF composite PCMs were measured during the melting and freezing cycles,
to estimate the phase transition temperatures. Refractive index measurements were performed
using J357 automatic refractometer. To probe the complex formation between PA and DMF,
the composite PCM with 50.5 wt. % DMF was subjected to Fourier transform infrared
spectroscopy (FTIR), under a wavenumber range of 900-3600 cm-1. FTIR spectroscopy was
carried out in the attenuated total reflection (ATR) mode, using a zinc selenide crystal.

4.3.2 Preparation of nano-inclusion loaded PCMs
For thermal energy storage applications close to outdoor ambient temperature (~ 35 0C), the
composite PCM with 50.5 wt. % DMF (peak melting temperature ~ 36 0C) was chosen as the
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PCM in the present study and further experiments were performed on this composition upon
loading with four different nano-inclusions of varied concentrations. The nano-inclusions
were dispersed in the continuous phase of the PCM, in the liquid phase, by water bath
sonication with bath temperature maintained at ~ 45 ± 1 0C. The sonication time was
increased with increasing loading concentration to ensure thorough and homogenous
distribution of the loaded nano-inclusions. For GNP, MWCNT and α-Al2O3 nano-inclusions,
six different loading concentrations were used, viz., 0.004, 0.007, 0.01, 0.0125, 0.0150 and
0.02 volume fraction. The sonication time was varied from 900 to 1200 s, in steps of 300 s
for the above-mentioned loading concentrations. For CBNP, nine different loading
concentrations were used, viz., 0.004, 0.007, 0.01, 0.0125, 0.0150, 0.02, 0.03, 0.04 and 0.05
volume fraction. The sonication time was suitably varied from 900 to 3300 s in the case of
CBNP nano-inclusions. To probe microscale aggregation and cluster formation, optical
phase contrast microscopy was carried out at 10X magnification using an inverted phase
contrast microscope (Carl Zeiss) in the liquid and solid states of the PCM with or without
nano-inclusion loading. Additionally, real-time video was acquired for the PCM loaded with
0.02 vol. fraction of CBNP during freezing.

Thermal conductivity measurements were

carried out using a KD2 probe, as discussed in the 2nd chapter.

4.3.3 Theoretical and FTIR analysis of PA-DMF composites
To understand the complex formation between PA and DMF, density functional theory
(DFT) based calculations were performed, using Gaussian 09 software package [482].
Further, frequency calculations were also performed to confirm the presence of hydrogen
bonding in the PA/DMF composite PCMs. The individual molecules (PA and DMF) and PADMF complex were optimized at B3LYP/6-31g(d) level [483, 484]. Frequency calculations
were carried out on the optimized geometries to confirm that the structures correspond to
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their ground states by obtaining all real vibration frequencies. The interaction energy was
calculated using the supermolecular approach [485, 486], where interaction energy = energy
of PA-DMF complex- (energy of isolated PA + energy of isolated DMF). Figs. 4.16a-c show
the optimized structures of isolated PA, DMF and PA-DMF complex, respectively. Different
conformations and orientations were evaluated using chemical intuition for the prediction of
PA-DMF complex and the most stable energy minimized conformer is shown in Fig. 4.16c.
Table 4.3 shows the selected bond parameters, where it can be seen that the C=O bonds of
PA and DMF were elongated from 1.211 to 1.221Å and 1.220 to 1.236Å, respectively, upon
complex formation with DMF. On the other hand, for PA, the elongation of O-H bond was
from 0.975 to 1.002Å after complex formation. These changes indicated that the PA-DMF
complex was stabilized by hydrogen bond formation. Two key hydrogen bonding interactions
(O-H---O and C-H---O) were present in PA-DMF complex, as shown in Fig. 4.16c. The bond
distance and bond angle for O-H---O was found to be 1.71Å and ~ 1800, respectively, which
were well within the limits of hydrogen bond interactions. On the other hand, the bond
distance and bond angle for C-H---O interaction were 2.301Å and ~ 1200, respectively. This
shows that the PA-DMF complex was stabilized by a strong hydrogen bond (O-H---O) and a
weak C-H---O interaction. The calculated interaction energy was found to be ~ -13.74kJ/mol,
where the negative sign indicated that the formation of PA-DMF complex was energetically
favoured. Further, the IR frequencies of C=O and O-H bonds were calculated theoretically,
where it was observed that stretching frequencies were reduced upon complex formation,
which was due to the elongation of the bond lengths in the PA-DMF composite PCMs. The
results obtained from DFT based calculations were experimentally verified using FTIR
spectroscopy.
Figure 4.17a shows the FTIR spectra of DMF, PA and PA-DMF composite PCM, where all
the major absorption bands were indexed and Table 4.4 shows the detailed descriptions [453,
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487, 488]. Fig. 4.17b shows the magnified view of a region (1600-1800 cm-1) of Fig. 4.17a,
where the shifts in the stretching frequencies, upon complex formation, are clearly
discernible.

Figure 4.16 The optimized molecular structures of (a) isolated PA, (b) DMF and (c) PADMF complex. The presence of O-H---O and C-H---O hydrogen bonds, in PA-DMF
complex, is also shown in (c). The bond lengths and interaction energy, upon complex
formation are also indicated.
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Table 4.3 Selected bond parameters of optimized geometries of isolated PA, isolated
DMF and PA-DMF complex, obtained from DFT calculations.
Molecule
PA

DMF

Type of bond

In isolated state (Å)

In PA-DMF complex (Å)

C=O
C-O
O-H
C=O
C-H
N-C

1.211
1.359
0.975
1.220
1.108
1.366

1.221
1.334
1.002
1.236
1.099
1.351

Figure 4.17 (a) FTIR spectra of DMF, PA and PA-DMF composite PCM. The major
absorption bands are indexed and Table 4.4, in text, shows the detailed descriptions. (b)
Magnified view of a region (1600-1800 cm-1) of (a), where the shifts in the stretching
frequencies, upon complex formation, are clearly discernible.

The stretching frequency of C=O bond in DMF (legend: e2) shifted from 1677 to 1666 cm-1
after complex formation. Similarly, the stretching frequency of C=O bond of isolated PA
(legend: e1) reduced from 1700 to 1666 cm-1 in the PA-DMF complex. Additionally, the C=O
stretching frequency of monomer hydrogen bonded molecule also decreased from 1753 (for
isolated PA) to 1724 cm-1 after complex formation. The reduction in various stretching
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frequencies were attributed to the increase bond lengths, as seen from DFT calculations. For
confirming the reduction in O-H stretching frequency, additional FTIR experiments were
performed on pellets, made by thorough mixing of isolated PA and PA-DMF composite
PCMs with KBr, followed by hard pressing. The recorded FTIR spectra (shown in Fig. 4.18,
in the supplementary information) indicated that O-H stretching frequency shifted from 3614
to 3463 cm-1 upon complex formation, which was in agreement with the predictions made
from DFT calculations. The FTIR data along with the DFT calculations indicated the
formation of a stable PA-DMF complex, which was essential for ensuring repeatable thermal
response during thermal energy storage applications.

Figure 4.18 FTIR spectra indicating that O-H stretching frequency diminished from 3614
cm-1 to 3463 cm-1 upon PA-DMF complex formation.
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Table 4.4 Major absorption bands, observed in FTIR spectra.

Legend

Wave number (cm-1)

(a)

2925

Symmetrical stretching of –CH3

[487]

(b)

2851

Symmetrical stretching of –CH2

[487]

(c)

2362

C=O stretching from atmospheric CO2

[215]

(d)

1724

(d1)

1753

(e)

1666

(e1)

1700

(e2)

1677

C=O stretching of monomer
bonded molecule in PCM
C=O stretching of monomer
bonded molecule in PA
C=O stretching of dimer
bonded molecule in PCM
C=O stretching of dimer
bonded molecule in PA
C=O stretching of DMF

(f)

1091

C-N stretching vibration in DMF

Description

Reference

hydrogen

this study

hydrogen

[453]

hydrogen

this study

hydrogen

[487]
[488]
[488]

4.3.4 Thermo-physical characterization of PA-DMF PCMs with tunable phase
transition temperatures
Figures 4.19a-c show the variation of temperature dependent refractive indices (RI) for PA,
27.4 wt. % DMF + PA and 50.5 wt. % DMF + PA, respectively, during melting and freezing
cycles. It can be seen from Figs. 4.19a-c that RI changed abruptly during solidification or
melting, which was attributed to the discontinuous changes in sample density during first
order phase transition. The phase transition regions are encircled in brown in Figs. 4.19a-c.
Similar results were obtained for refractive index measurements, as a function of temperature,
for 16.6 wt. % DMF + PA and 59.4 wt. % DMF + PA, respectively. From RI measurements,
melting temperatures were estimated as ~ 59.0 ± 0.6, 49.0 ± 0.5, 47.0 ± 0.5, 40.0 ± 0.4 and
30.0 ± 0.3 0C for PA, 16.6 wt. % DMF + PA, 27.4 wt. % DMF + PA, 50.5 wt. % DMF + PA
and 59.4 wt. % DMF + PA, respectively. The corresponding solidification temperatures were
~ 57.0 ± 0.6, 45.0 ± 0.5, 43.0 ± 0.4, 38.0 ± 0.4 and 26.0 ± 0.3 0C, respectively. Figs. 4.19d-e
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show typical photographs of PA in the liquid and solid states, respectively. It can be clearly
seen from Fig. 4.19e that the transparency of PA in solid state is significantly lower, which
resulted in a higher refractive index change during liquid-solid phase transition, as seen from
Fig. 4.19a (refractive index discontinuously varied by ~ 9.3 %). On the other hand, Figs.
4.19f-g show the typical photographs of 50.5 wt. % DMF + PA in the molten and frozen
states, respectively. It was evident that the change in optical density was much lower in this
case, as compared to pristine PA. This resulted in a comparatively lower change in refractive
index for the composite PCM across liquid-solid phase transition, as can be seen from Fig.
4.19c (refractive index discontinuously varied by ~ 0.2 %).

Figure 4.19 Variation of temperature dependent refractive indices, during freezing and
melting, for (a) PA, (b) 27.4 wt. % DMF + PA and (c) 50.5 wt. % DMF + PA. Typical
photographs of PA in the (d) liquid and (e) solid states. Typical photographs of 50.5 wt. %
DMF + PA in the (f) liquid and (g) solid states.
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Figure 4.20a shows temperature evolution during melting, recorded by infrared
thermography, for PA and PA-DMF composites with various concentrations of DMF. It is
evident from Fig. 4.20a that the solid-liquid phase transitions were associated with regions of
distinct slope change in the temperature-time curves. The regions of slope change were
encircled in Fig. 4.20a for ease of representation. From these curves, the melting
temperatures were evaluated as 61.1 ± 0.6, 51.8 ± 0.5, 41.6 ± 0.4, 30.0 ± 0.3 and 28.0 ± 0.3
0

C for PA, 16.6 wt. % DMF + PA, 27.4 wt. % DMF + PA, 50.5 wt. % DMF + PA and 59.4

wt. % DMF + PA, respectively. These values were close to the phase transition temperatures
obtained from the variation of refractive indices (see Figs. 4.19a-c). Figs. 4.20b-c show the
typical infrared images of PA and 50.5 wt. % DMF + PA, respectively at time t = 548 s,
along with the temperature scales. The location of the sample and water baths are indicated
by the green and blue arrows, respectively, in the infrared images. On the other hand, the
black arrow represents the glass beaker, which appeared to be at a lower temperature (pseudo
colour back), as glass is not transparent to infrared waves. The average temperature over the
entire sample surface was utilized for obtaining the temperature evolution curves (as shown
in Fig. 4.20a). Thus, infrared thermography-based technique provided an alternate way for
rapid and non-contact determination of phase transition temperatures. However, to obtain
better insights into the variation of latent heat values and phase transition temperatures,
differential scanning calorimetry studies were carried out as discussed below.
Figure 4.21 shows the heat flow curves, obtained from DSC studies, for PA and PA-DMF
composite PCMs with various concentrations of DMF. The phase transition peaks were
clearly discernible and the onset (TO) and peak melting temperatures (TP), for different PCM
compositions, are marked in Fig. 4.21.
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Figure 4.20 Temperature evolution during melting, recorded by infrared thermography, for
PA and PA-DMF composites with various concentrations of DMF. The solid-liquid phase
transitions were associated with regions of distinct slope change in the temperature-time
curves, which are encircled for ease of representation. Typical infrared images of (b) PA and
(c) 50.5 wt. % DMF + PA, respectively at time t = 548 s. The temperature scale bars are also
shown. The green, blue and black arrows indicate the location of the sample, water bath and
glass beaker, respectively. The glass beaker appears to be at a lower temperature (pseudo
colour back), as glass is not transparent to infrared waves.

The TO indicates the beginning of the melting process and is obtained from the intersection of
the base line and extrapolated tangent from the point of maximum slope on the leading side
[412]. The phase transition temperatures were characterized by the peak melting temperatures
[489]. The latent heat values were estimated from the area under the peak by numerical
integration. The peak melting temperatures, onset temperatures and latent heat values for PA
and PA-DMF composite PCMs with various concentrations of DMF are listed in Table 4.5.
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Figure 4.21 Heat flow curves, obtained from DSC studies, for PA and PA-DMF composite
PCMs with various concentrations of DMF. The peak melting temperatures (TP) and onset
temperatures (TO) are indicated in the figure.

In the case of pristine PA, the peak melting temperature was found to be ~ 62.6 ± 0.1 0C,
which was in good agreement with values (~ 61.7 - 62.4 0C) reported by Sari and Karaipekli
[276], Wang et al. [60, 479] and Mehrali et al. [480]. Fig. 4.21 and Table 4.5 indicated that

163

Chapter 4
the peak melting temperatures and onset temperatures decreased with increasing DMF
concentrations.

Table 4.5 Peak melting temperature, onset temperature and latent heat of PA and PADMF composite PCMs, with various DMF concentrations.
Material

Onset temperature
(TO) (0C) (± 0.5 0C)

PA
16.6 wt. % DMF + PA
27.4 wt. % DMF + PA
50.5 wt. % DMF + PA
59.4 wt. % DMF + PA

61.3
45.0
34.0
30.6
21.4

Peak melting
temperature (TP) (0C)
(±0.1 0C)
62.6
54.8
45.2
35.9
30.8

Latent heat (kJ/kg)
(± 0.4 kJ/kg)
171.0
108.0
73.0
25.0
13.5

Vapour pressure of a mixture changes proportionally with the concentration of solute [215,
463] and hence, the depression in phase transition temperature of PA-DMF composite PCMs
was found to increase with increasing DMF concentration. Fig. 4.22a shows the variation of
melting temperature, obtained from DSC, refractive index and infrared thermography
experiments, as a function of DMF concentration, where it can be seen that melting
temperature decreased with increasing DMF concentration. It can be further seen from Fig.
4.22a that the data obtained from the above-mentioned three techniques were in good
agreement. In the case of pristine PA, the latent heat of melting was found to be ~ 171.0 ± 0.4
kJ/kg, which was slightly lower than the values (173.7-202.0 kJ/kg) reported in literature
[219, 490, 491]. It has been reported that such small variations in latent heat does not
significantly affect the applicability of organic PCMs for thermal energy storage [492]. It can
be further seen from Table 4.5 that latent heat decreased with increasing DMF concentration,
which is shown graphically in Fig. 4.22b. This was attributed to the lower heat of fusion of
DMF (~ 110 kJ/kg) and presence of interaction between DMF and PA, as shown from DFT
calculations (Fig. 4.16) and FTIR spectra (Fig. 4.17) of PA-DMF composite PCM.
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Figure 4.22 Variation of melting temperature, for the PA-DMF composite PCMs, obtained
from DSC, RI and IRT experiments, as a function of DMF concentration. (b) Bar chart
showing the variation of latent heat for the PA-DMF composite PCMs, as a function of DMF
concentration.

Figure 4.23a shows the variation of thermal conductivity in the liquid and solid phases, for
pristine PA and PA-DMF composite PCMs with increasing DMF concentration. The thermal
conductivity of pristine PA in the liquid state was found to be ~ 0.151 ± 0.002 W/mK. Fig.
4.23a indicated that thermal conductivity of the composite PCMs increased monotonically in
the liquid state due to the slightly higher thermal conductivity of pure DMF (~ 0.186 ± 0.002
W/mK). In the solid state, on the other hand, thermal conductivity of PA-DMF composite
PCM initially increased with DMF concentration and attained a maximum for 50.5 wt. %
DMF + PA and decreased thereafter. The initial increase in thermal conductivity with DMF
concentration was due to the higher thermal conductivity of DMF. The freezing point of pure
DMF is ~ -60.4 0C and hence, with increasing DMF concentration (especially beyond 50.5
wt. %), the nanocrystalline structure of the composite PCM matrix in solid state, is less
orderly due to large mismatch between the freezing points of PA and DMF, which resulted in
a decreases of the composite PCM with higher DMF concentration. In the present study, the
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highest thermal conductivity for 50.5 wt. % DMF + PA was found to be ~ 0.196 ± 0.002
W/mK. Owing to its higher thermal conductivity in the solid state and peak phase transition
temperature ~ 36 0C, this combination was chosen as PCM in the present study.
Figure 4.23b shows the variation of k/kf and thermal conductivity enhancement (in %) of the
PCM, as a function of temperature. Here, kf indicates the thermal conductivity of the PCM in
the liquid state (kf ~ 0.162 ± 0.002 W/mK), whereas, k is the temperature dependent thermal
conductivity. The percentage enhancement in thermal conductivity was calculated as [(kkf)/kf] × 100 %. It can be seen from Fig. 4.23b that the variation of k/kf is divided into three
distinct regimes (also indicated in Fig. 4.23b). In region-I (for T> 34 0C), the PCM was in the
liquid state. For, 27 0C<T<34 0C, the PCM undergoes liquid-solid phase transition and this
region is indicated as region-II. For T< 27 0C, the PCM is macroscopically in the solid state
and this region is indicated as region-III. It is evident from Fig. 4.23b that thermal
conductivity did not enhance significantly in the liquid state, whereas thermal conductivity
enhanced by ~ 109 % and ~ 21 % in the phase transition region and solid state (15 0C),
respectively. The higher thermal conductivity in the solid state is due to the presence of
orderly and closely packed nanocrystalline microstructure, which aids in phonon mediated
efficient heat conduction [216]. Babaei et al. [493] carried out simulations based on
molecular dynamics and confirmed the presence of such nano-crystalline structure with
regular molecular arrangement during freezing of PCMs. However, thermal conductivity
enhancement is the highest in the phase transition region, which is attributed to the
accelerated molecular vibration due to an increase in matrix temperature, just before melting
[60]. In the liquid state, thermal conductivity enhancement is insignificant due to the lack of
orderly microstructure, that severely attenuate phonon propagation [215]. The inset in Fig.
4.23b shows an optical phase contrast micrograph of the PCM in the frozen condition, where
the formation of brush like microstructures (with several spikes) can be clearly seen. Such
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anisotropic microstructure has been also reported for n-hexadecane and phenol based PCMs
in the solid state [215, 216, 237, 387]. Similarly, for pristine PA, thermal conductivity
enhancements in the solid state and phase transition regions were ~ 15.3 % and 187 %,
respectively. Fig. 4.23c shows the variations of k/kf and thermal conductivity enhancement
(in %) for the PCM, without any nano-inclusion, during consecutive thermal cycling. In the
liquid state (T = 47 0C), k/kf was ~ 1 and increased up to ~ 1.21 in the solid state (i.e. ~ 21%
enhancement ion thermal conductivity). Further, thermal conductivity enhancements were
found to be perfectly reversible even after four thermal cycles, indicating superior thermal
stability of the PCM, which is essential for practical thermal energy storage applications. αAl2O3, GNP, MWCNT and CBNP nano-inclusions were added to the PCM and before
proceeding with thermal conductivity measurements, nano-inclusion loaded PCMs were
subjected to FTIR spectroscopy to ascertain possible chemical interactions. The FTIR spectra
of the nano-inclusion loaded PCMs are shown in Fig. 4.24. For comparison, the FTIR spectra
of the pristine PCM is also shown in the figure. It is evident from Fig. 4.24 that all major
absorption (as shown in Table 4.4) bands remain unaltered upon loading with various nanoinclusions. This confirmed the lack of any chemical interactions between the nano-inclusions
and the PCM host matrix [49, 494].
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Figure 4.23 (a) Variation of thermal conductivity in the liquid and solid phases for pristine
PA and PA-DMF composite PCMs with increasing DMF concentration. (b) Variation of k/kf
and percentage enhancement in thermal conductivity of the PCM (50.5 wt. % DMF + PA), as
a function of temperature. (Inset) Optical phase contrast micrograph of the PCM in the frozen
condition. (c) Variations of k/kf and percentage enhancement in thermal conductivity of the
PCM, without any nano-inclusion, during consecutive thermal cycling.
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Figure 4.24 FTIR spectra of the PCM loaded with α-Al2O3, GNP, MWCNT and CBNP nanoinclusions. For comparison, the FTIR spectra of pristine PCM is also shown in the figure. All
the major absorption bands are indexed and described in Table 4.4.

4.3.5 Thermal conductivity enhancement upon loading with different nano-inclusions
Figures 4.25a-d show the variations in k/kf and thermal conductivity enhancement (in %), as
a function of temperature, for the PCM loaded with varied concentrations of α-Al2O3, GNP,
MWCNT and CBNP nano-inclusions, respectively. The variations of k/kf for the pristine
PCM are also shown in the figures for comparison. It is evident from Figs. 4.25a-d that the
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variations in k/kf can be clearly divided into three distinct regimes, viz. region I, II and III,
corresponding to the liquid state, phase transition region and solid state, respectively. Fig.
4.25a shows that, in the liquid state, thermal conductivity enhanced by ~ 6.6, 8.4, 11.1, 12.3,
13.6 and 14.2 % for the PCM loaded with 0.004, 0.007, 0.01, 0.0125, 0.015 and 0.02 vol.
fraction of α-Al2O3, respectively. On the other hand, thermal conductivity enhancements in
the solid state were ~ 26.5, 29.4, 34.6, 36.1, 37.0 and 40.7 % for α-Al2O3 loading
concentrations of 0.004, 0.007, 0.01, 0.125, 0.015 and 0.02 vol. fraction, respectively. This
clearly shows that thermal conductivity enhancements were significantly higher in the solid
state, which was due to two different phenomena, viz. formation of nano-crystalline orderly
structure in the solid state with higher heat transfer efficiency and formation of a network of
percolating structures of the nano-inclusions during freezing that increases the efficiency of
phonon mediated heat conduction [342, 387]. However, Fig. 4.25a clearly shows that the
thermal conductivity enhancements were the highest in the phase transition region, which
was attributed to the accelerated molecular vibration due to an increase in matrix temperature,
just before melting. In the phase transition region thermal conductivity enhancements were ~
153.1, 156.2, 160.5, 165.4, 150.0 and 154.3 % for the PCM loaded with 0.004, 0.007, 0.01,
0.125, 0.015 and 0.02 vol. fraction of α-Al2O3, respectively.
Figure 4.25b shows that the thermal conductivity enhancements in the liquid states were ~
7.4, 11.1, 14.2, 16.1, 17.3 and 19.1 % for the PCM loaded with 0.004, 0.007, 0.01, 0.0125,
0.015 and 0.02 vol. fraction of GNP, respectively. For a similar variation in loading
concentration, thermal conductivity enhancements in the phase transition region were ~
116.1, 122.2, 134.6, 140.7, 143.8 and 140.7 %, respectively. On the other hand, thermal
conductivity enhancements in the solid state were ~ 27.8, 32.7, 38.9, 43.2, 46.3 and 48.8 %
for the PCM loaded with 0.004, 0.007, 0.01, 0.0125, 0.015 and 0.02 vol. fraction of GNP,
respectively. Fig. 4.25c shows that the thermal conductivity enhancements in the phase
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transition region were ~ 140.7, 148.1, 156.2, 159.3, 165.4, 166.7 % for loading
concentrations of 0.004, 0.007, 0.01, 0.0125, 0.015 and 0.02 vol. fraction, respectively. For
similar loading concentrations, thermal conductivity enhancement in the liquid states were ~
9.8, 12.3, 14.2, 14.8, 15.4 and 14.8 %, respectively. On the other hand, in region-III (solid
state), thermal conductivity enhancements were ~ 27.2, 29.0, 33.3, 35.8, 41.9 and 34.6 % for
the PCM loaded with 0.004, 0.007, 0.01, 0.0125, 0.015 and 0.02 vol. fraction of MWCNT,
respectively. Fig. 4.25d shows that the liquid state thermal conductivity enhanced by ~ 3.7,
4.9, 6.8, 7.4, 8.6, 9.3, 9.8, 9.9 and 11.1 % for the PCM loaded with 0.004, 0.007, 0.01,
0.0125, 0.015, 0.02, 0.03, 0.04 and 0.05 vol. fraction of CBNP, respectively. In the phase
transition region, the corresponding values of thermal conductivity enhancements were ~
116.1, 127.2, 134.6, 140.7, 143.8, 146.9, 150.0, 153.1, and 146.9 %, respectively. Thermal
conductivity enhancements in the solid state were ~ 29.0, 33.9, 38.3, 42.6, 45.7, 51.2, 58.6,
64.2 and 67.2 % for CBNP loading concentrations of 0.004, 0.007, 0.01, 0.0125, 0.015, 0.02,
0.03, 0.04 and 0.05 vol. fraction, respectively.
Figures 4.26a-d show the variation of k/kf and thermal conductivity enhancement (in %) in
the liquid state as a function of loading concentration (in vol. % = ϕ × 100 %, ϕ being vol.
fract.) for the α-Al2O3, GNP, MWCNT and CBNP loaded PCMs, respectively. It can be seen
from Figs. 4.26a-d that thermal conductivity generally enhanced with increasing
concentration of the nano-inclusions, however at higher loading concentration, thermal
conductivity enhancements showed saturation tendency. In fact, thermal conductivity slightly
decreased for the PCM loaded with 2 vol. % of MWCNT. Figs. 4.26a-d also shows the
theoretical curves for thermal conductivity enhancements obtained from Hamilton-Crosser
(HC) and classical Maxwell-Garnett (MG) models [38, 366], where it can be observed that
the experimental data were significantly higher than those calculated from classical models,
which indicated the presence of aggregates in the liquid state [215, 289]. It can be further
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seen that the difference between the theoretical and experimental data was comparatively
lower for HC model, which was due to the incorporation of particle shape factor (~ 3 and 6
for spherical α-Al2O3 nanoparticles and MWCNT, GNP and CBNP nano-inclusions,
respectively) in the calculations.

Figure 4.25 Variations in k/kf and thermal conductivity enhancement (in %), as a function of
temperature, for the PCM loaded with various concentrations of (a) α-Al2O3, (b) GNP, (c)
MWCNT and (d) CBNP nano-inclusions. The variations of k/kf for the pristine PCM are also
shown in the figures for comparison.

The nano-inclusions form aggregate in the liquid state under van-der Waal’s interaction and
with increasing loading concentrations the aggregate size grows (within the realm of welldispersed aggregates), leading to an increase in thermal conductivity enhancement [342]. It
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has been reported that such aggregates are fractal in nature and consist of a quasi-continuous
backbone and randomly placed dead-ends, which does not effectively contribute towards
thermal conductivity enhancements [341].

Figure 4.26 Variations in k/kf and thermal conductivity enhancement (in %) in the liquid
state, as a function of loading concentration, for the PCM loaded with various concentrations
of (a) α-Al2O3, (b) GNP, (c) MWCNT and (d) CBNP. The theoretical curves for thermal
conductivity enhancements, obtained from Hamilton-Crosser (HC) and classical MaxwellGarnett (MG) models, are also shown in the corresponding figures.

With further increase in loading concentration, the number of such randomly placed deadends increases. In addition, such larger aggregates phase separated due to sedimentation.
Hence, thermal conductivity enhancements showed saturation tendency or decreasing trend at
higher loading concentrations. Figs. 4.27a-d show the variation in k/kf and thermal
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conductivity enhancement (in %) in the solid state, as a function of concentration (in vol. % =
ϕ × 100 %, ϕ being vol. fract.), for the PCM loaded with α-Al2O3, GNP, MWCNT and CBNP
nano-inclusions, respectively. It can be seen from Fig. 4.27 that for the PCM loaded with αAl2O3, GNP and CBNP nano-inclusions, k/kf progressively increased with loading
concentrations. With increase in loading concentration, larger nano-inclusion aggregates are
formed that causes the thermal conductivity to enhance in the solid state. To probe the
increase in aggregate size, optical phase contrast microscopy imaging was carried out in the
liquid and solid states for the PCM loaded with 0.004, 0.007 and 0.015 vol. fraction of CBNP
nano-inclusions and Figs. 4.28a-f show the corresponding photo-micrographs. The increase
in aggregate size and reduced inter-aggregate spacing are clearly discernible from Fig. 4.28,
at higher particle loading. Such larger aggregates enhanced the phonon mediated percolative
heat transfer [238], augmented the near-field radiative heat transfer due to reduced interinclusion spacing [419] and reduced the thermal barrier resistance [237]. All of these factors
contributed towards the enhanced thermal conductivity of the nano-inclusion loaded PCMs,
in the solid state, with increasing particle loading. Further, the formation of inter-connected
percolation pathways is also clearly discernible from the microscopy images obtained in the
solid state (Figs. 4.28d-f), which was due to the squeezing of the nano-inclusions during
freezing of the PCM, as subsequently discussed. However, for the PCM loaded with
MWCNT, thermal conductivity decreased at the highest loading concentration of 2 vol. %
(Fig. 4.27c). This was attributed to the formation of larger aggregates that phase separated at
higher concentration and did not contribute to the thermal conductivity enhancement. It must
be noted that for the PCM loaded with MWCNT, thermal conductivity also showed a
decreasing trend at the highest loading concentration in the liquid state (see Fig. 4.26c).
Enhancement of thermal conductivity, obtained in the present study, is comparable or higher
than the values reported in literature for PA based PCMs loaded with various metallic or
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carbon based nano-inclusions. A few representative values for PA based PCMs are shown in
Table 4.6 along with the nature and concentrations of the nano-inclusions added to the PCM
host matrix [54, 60, 69, 70, 247, 276, 479, 490, 491].

Figure 4.27 Variation in k/kf and thermal conductivity enhancement (in %) in the solid state,
as a function of concentration, for the PCM loaded with (a) α-Al2O3, (b) GNP, (c) MWCNT
and (d) CBNP nano-inclusions.

It can be seen from Table 4.6 that thermal conductivity enhancements, in the solid state, were
~ 80.0, 65, 76.5 % for PA based PCMs loaded with 5 wt. % of TiO2, 7 wt. % of MWCNT
and 10 wt. % of expanded graphite, respectively [54, 69, 276]. On the other hand, in the
present study, the highest thermal conductivity enhancement in the solid state was obtained as
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~ 67.3 %, which is comparable to or higher than most of the earlier reported values (see
Table 4.6).

Figure 4.28 Optical phase contrast microscopy images of the PCM loaded with various
concentrations (in vol. fractions, ϕ) of CBNP nano-inclusions in the liquid (L) and solid (S)
states. (a) ϕ = 0.004 in L, (b) ϕ = 0.007 in L, (c) ϕ = 0.015 in L, (d) ϕ = 0.004 in S, (e) ϕ =
0.007 in S and (f) ϕ = 0.015 in S.

In the literature, higher thermal conductivity enhancement has been reported for PA based
PCM loaded with larger concentrations of carbon-based or metallic nano-inclusions. This
increases the operational cost of the PCM based LTES. On the other hand, in the present
study, significantly high thermal conductivity enhancement has been achieved using CBNP
nano-inclusions at lower loading concentrations (0.6 wt. %). Moreover, CBNP is
comparatively cheaper (typical cost of research grade CBNP, MWCNT, SWCNT and
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graphene oxide are ~ < $1/g, $5/g, $75/g and $100/g, respectively [495]), thereby making the
PCM systems financially more viable. Further, low density of CBNP nano-inclusions
(density of CBNP, graphite and aluminum are ~ 0.1, 2.3 and 2.7 g/cc, respectively) does not
increase the weight of the CBNP loaded PCM, which is advantageous for industrial
applications.

Table 4.6 Representative values of thermal conductivity enhancement in the solid state
for PA based PCMs loaded with various nano-inclusions

Nano-inclusions
Name
Concentration in
wt. % (vol. fract.)
MWCNT (surface
functionalized)
MWCNT
Expanded graphite
MWCNT (modified
by mechanochemical reaction)
MWCNT
MWCNT (oxidized)
TiO2

CuO nanoparticles
(SDBS capped)
α-Al2O3
GNP
MWCNT
CBNP
CBNP

1.0 wt. %
2.0 wt. %
5.0 wt. %
5.0 wt. %
10.0 wt. %
1.5 (0.01)

Thermal
conductivity
enhancement in solid
state (in %)
~ 10
~ 33
~ 56
~ 26.3
~ 76.5
~ 52

1.0 wt. %
7.0 wt. %
0.5 wt. %
1.0 wt. %
3.0 wt. %
5.0 wt. %
0.1 wt. %
0.2 wt. %
0.3 wt. %
8.5 (0.02)
4.9 (0.02)
2.9 (0.02)
0.2 (0.02)
0.6 (0.05)

~ 46.0
~ 65.0
~ 12.7
~ 20.6
~ 46.6
~ 80.0
~ 19.9
~ 45.6
~ 66.1
~ 40.7
~ 48.8
~ 34.6
~ 51.2
~ 67.2

Year

Reference

2008

[479]

2009
2009
2010

[491]
[276]
[70]

2010
2012
2016

[60]
[69]
[54]

2018

[247]

2019

Present study

In the present study, CBNP nano-inclusions were used in the as-received condition without
any cumbersome sample preparation steps. This clearly shows the efficacy of CBNP nano177
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inclusions for enhancing the thermal conductivity of organic PCMs. Nevertheless, a few
studies reported extremely higher thermal conductivity enhancements (~ 390 % and 238 %)
for shape stabilized PA based PCMs loaded with 10 wt. % GNP and 7.9 wt. % polyaniline
and exfoliated graphite nanoplatelets, respectively, where the higher thermal conductivity
enhancements were attributed to very high in-plane thermal conductivity of the nanoinclusions [59, 496]. However, such PCMs require extensive sample preparation (like
vacuum impregnation) that significantly increases the operational cost.
Figures 4.29a-d show the variations of k/kf and thermal conductivity enhancement (in %)
during repeated thermal cycling for the PCMs loaded with α-Al2O3, GNP, MWCNT and
CBNP nano-inclusions, respectively. For thermal cycling, five independent measurements
were performed in the molten condition (47 0C) and then the PCMs were allowed to freeze
and measurements were repeated in the frozen state (15 0C). For the pristine PCM, thermal
conductivity enhancements were found to be perfectly reversible, during thermal cycling (see
Fig. 4.23c), whereas for the nano-inclusions loaded PCMs, some irreversibility was observed.
For the PCMs loaded with α-Al2O3, GNP, MWCNT and CBNP nano-inclusions, thermal
conductivity enhancements in the solid states were ~ 33.7, 37.4, 32.5, 38.0; 25.8, 28.8, 25.8,
31.9; 22.7, 25.2, 23.3, 27.6 and 21.5, 24.5, 22.1, 22.7 % after first, second, third and fourth
cycles, respectively. This was attributed to the irreversible aggregation dynamics of the nanoinclusions. After subsequent freezing and melting cycles, the aggregates of nano-inclusions
(formed due to van der Waal’s interaction) do not re-disperse reversibly, leading to the
variations in the thermal conductivity enhancements [237]. Moreover, the aggregates grow in
size, during consecutive thermal cycles, which increases the phonon scattering at the rough
interfaces. It has been reported that for weak-solid fluid interaction, a positive Kapitza length
leads to a negative thermal conductivity enhancement [45]. Hence, the k/kf values were found
to be irreversible for the nano-inclusion loaded PCMs, after successive thermal cycles.
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However, the degree of irreversibility (mismatch between k/kf values between two successive
thermal cycles) was found to decrease progressively with increasing number of thermal
cycles, which was beneficial for practical applications.

Figure 4.29 Variations in k/kf and thermal conductivity enhancement (in %) during repeated
thermal cycling for the PCMs loaded with (a) α-Al2O3, (b) GNP, (c) MWCNT and (d) CBNP
nano-inclusions.

4.3.6 Nano-inclusion aided thermal conductivity enhancement: microscopic observation
of aggregation phenomena
Thermal conductivity enhancement in nanofluids, in general, has been a topic of intense
scientific scrutiny and various theoretical models have been proposed to explain the
experimental data sets, viz. clustering, micro-convection and Brownian motion, ballistic heat
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transfer, interfacial layer and several modifications of classical Maxwell theories [38, 50,
346, 362, 363]. Among these theories, however, nanoparticle clustering and associated
percolative heat transfer is the most widely accepted theory that shows significant agreement
with most of the experimental data sets [341, 342, 346, 362, 385, 386]. Similarly, thermal
conductivity enhancement in nano-inclusions loaded PCMs has also been studied extensively,
primarily from the applications point of view. However, there exist considerable debate on
the microscopic mechanism of thermal conductivity enhancement and the aggregation effects
are not well understood, especially near the phase transition regime and in the solid state. It
has been hypothesized that during freezing, solidification induced stress fields are generated
within the PCM host matrix. The stress fields drive the nano-inclusions towards each other or
towards the grain boundaries leading to the formation of a network of percolating structures,
which is favourable to enhanced heat transfer [237, 387, 395]. Internal stress measurements
in frozen hexadecane, using pressure-sensitive films, confirmed uneven and anisotropic stress
distribution, which aided in the formation of percolating structures [387]. Squeezing of the
nano-inclusions leads to improved contact between them, which results in a decrease of
thermal barrier resistance (or Kapitza resistance), ultimately causing an enhancement of
phonon mediated heat transfer [234, 342]. Enhanced percolative heat transfer has also been
observed in stable graphite dispersions [238]. Moreover, it has been recently reported that
substantially lower inter-inclusion distance leads to an augmentation of near-field radiative
heat transfer, which also contributes to the to the total enhancement of thermal conductivity
in nano-inclusion loaded PCMs [419].
The nano-inclusion aggregates are fractal in nature and consist of a quasi-continuous
backbone of closely attached nano-inclusions, which span the volume defined by the radii of
gyration of the aggregates and randomly distributed dead-ends [342]. The aggregation
dynamics influence the heat transfer phenomena and the resultant thermal conductivity
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enhancement in nano-enhanced PCM is due to triple homogenization effects, proposed by
Prasher and Evans [341]. In the first level, dead-ends are homogenized with the continuous
medium and thereafter the backbone is superimposed in the second level to obtain effective
cluster thermal conductivity. These clusters are finally homogenized with the host matrix to
obtain the effective thermal conductivity of the nano-inclusion loaded PCMs. The detailed
theoretical calculations for the three-level homogenization model can be found elsewhere
[216, 341, 342, 421].
This has been the most widely accepted mechanism of nano-inclusion aided thermal
conductivity enhancement of PCM and a plethora of scientific studies have been based on
this theoretical framework [9, 15, 38, 65, 83, 234, 497, 498]. Nevertheless, there has been no
direct observational proof towards solidification induced cluster formation in nano-inclusion
loaded PCM. In this study, direct experimental evidence is provided for cluster formation
during solidification, using real-time phase contrast optical microscopy video. Fig. 4.30
shows a few snapshots from the real-time video microscopy multimedia field, where
solidification induced cluster formation is shown. The propagation of the solidification wavefronts was clearly discernible from Fig. 4.30b (indicated by the dashed arrows in magenta).
These solidification fronts represented the solidification induced stress fields in the PCM host
matrix, which squeezed the nano-inclusions to form larger aggregates. From Figs. 4.30a-b
the formation of an interconnected cluster can be seen. In Fig. 4.30a, the clusters were well
separated, whereas in Fig. 4.30b, the clusters appeared interconnected, due to the
solidification induced stress field (indicated by the solid arrows in red). Similarly, Figs.
4.30e-g (70-90 s) show the formation of another interconnected cluster (encircled by the solid
line in light blue). Figs. 4.30i-k (103-110 s) show a dynamic event, where a small nanocluster can be found to travel towards a larger cluster and eventually attach to it (indicated by
the solid arrows in orange). It must be noted that this dynamic event occurred within a time
181

Chapter 4
span of ~ 7 s. Formation of such larger cluster is energetically favourable and leads to the
formation of a larger network of percolating structures. On the other hand, the central large
cluster became more tightly bound and interconnected with other smaller clusters (see Figs.
4.30e, h & l, encircled by dashed line in deep blue). The lower thermal barrier resistance in
these tightly bound clusters (because of improved aggregate/aggregate contact) augment
phonon mediated heat transfer through the percolation network, eventually spanning over the
entire host matrix.

Figure 4.30 A few time-stamped snapshots from the phase contrast optical microscopy video
analysis, during solidification of the PCM loaded with 0.02 vol. fraction of CBNP nanoinclusions. The time stamps are: (a) 8 s, (b) 21 s, (c) 39 s, (d) 49 s, (e) 70 s, (f) 80 s, (g) 90 s,
(h) 100 s, (i) 103 s, (j) 107 s, (k) 110 s and (l) 150 s. The dashed arrows in magenta, in (b, d
and e), indicate the solidification wave fronts which represented solidification induced stress
fields in the PCM host matrix. The solid red arrows in (a-b) show the formation of an
interconnected cluster. The solid encircling in light blue, in (e-g), shows formation of another
inter-connected cluster. The dashed encircling in deep blue, in (b, e, h and l), shows the
formation of more closely packed cluster. The solid arrows in orange, in (i-k) show a
dynamic event, where a smaller cluster gets attached to a larger cluster during freezing.
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Based on these observations, the mechanism of formation of percolation network is
schematically shown in Fig. 4.31a. At first, the nano-inclusion are isolated and no percolative
network exist (box-1 in Fig. 4.31a). Thereafter, the nano-inclusions grow in size and also
moves towards each other due to the solidification stress fields, eventually forming
percolation contacts with each other (box-2 in Fig. 4.31a). The growth in aggregate size is
energetically favourable, as surface energy is minimized during the process (due to a decrease
in surface-to-volume ratio) [385]. The inset of Fig. 4.31a shows the schematic of a
percolation contact between two nano-inclusions. The phonon mediated heat transfer is
severely attenuated in the entrapped liquid layer in-between the nano-inclusions. However, as
the nano-inclusions are squeezed towards each other, due to solidification induced stress
fields, the entrapped liquid layer is eventually expelled during solidification leading to an
improved aggregate/aggregate contact with lower thermal barrier resistance. Such percolation
contacts are favourable for efficient heat transfer with significantly less interfacial phonon
scattering. Finally, a quasi-2d percolating network is formed (box-3 in Fig. 4.31a), spanning
over the entire PCM host matrix, that resulted in a significant enhancement in thermal
conductivity for the nano-inclusion loaded PCM.
Figure 4.31b shows a bar chart comparing the k/kf and percentage enhancement in thermal
conductivity of the PCM loaded with 0.02 vol. fraction of α-Al2O3, GNP, MWCNT and
CBNP nano-inclusions, in the solid state. The highest thermal conductivity enhancement was
obtained for the PCM loaded with CBNP nano-inclusions, followed by GNP, α-Al2O3 and
MWCNT loading (in the decreasing order). However, the bulk thermal conductivity was the
highest for MWCNT (~ 6600 W/mK) followed by GNP (~ 3000 W/mk), α-Al2O3 (~ 35
W/mK) and CBNP (~ 0.182 W/mK) [38]. This clearly showed effective thermal conductivity
enhancements in nano-inclusion loaded PCMs is not significantly influenced by the bulk
thermal conductivities of the nano-inclusions and several other factors like nature of fractal
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structures, aggregation dynamics and variation in Kaptiza resistance play a more prominent
role [216, 434].

Figure 4.31 (a) Schematic representation of the formation of percolation network in nanoinclusion loaded PCM. (Inset) Schematic showing the formation of a percolation contact
between two nano-inclusions aggregates. The phonon mediated heat transfer is severely
attenuated in the entrapped liquid layer in-between the nano-inclusions. The entrapped liquid
layer is eventually expelled during freezing of the PCM due to solidification induced stress
field, leading to efficient percolative heat transfer. (b) Bar chart comparing the k/kf of the
PCM loaded with α-Al2O3, GNP, MWCNT and CBNP nano-inclusions, in the solid state. The
percentage enhancement in thermal conductivity is also shown in the figure. The loading
concentration was kept constant at 0.02 vol. fraction.

Molecular dynamics based studies reported a comparatively weaker bonding between the
MWCNT and PCM matrix [499], which caused a higher tube/tube and tube/PCM matrix
thermal barrier resistance leading to a comparatively lower thermal conductivity
enhancements for the PCMs loaded with MWCNT [70]. On the other hand, GNP forms larger
2D networks of percolation pathways [65] and act as nucleation sites, during freezing of the
PCM, leading to a stronger GNP/PCM matrix bonding [430]. Moreover, lower thermal
barrier resistance of GNP also aided in the observed higher thermal conductivity
enhancement for the GNP loaded PCM. However, the highest thermal conductivity
enhancement was obtained for the PCM loaded with CBNP nano-inclusions due to low
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fractal dimension of the CBNP aggregates, coupled with excellent compressibility and
volume filling capacity [236, 477]. CBNP forms grape-like (aciniform) aggregates of primary
carbon black nanoparticles, which are called nodules [407]. The smaller aggregate size and
excellent volume filling capacity are favourable to the formation of the quasi-2D network of
percolation pathways, during freezing of the PCM, with reduced inter-aggregate gaps that is
beneficial for phonon mediated heat transfer [431]. Thermal conductivity contrast of ~ 3.3
was reported for octadecane based PCM loaded with ~ 0.12 vol. fraction of CBNP, where the
higher thermal conductivity enhancement was attributed to the formation of a fractal network
of CBNP nano-inclusions, spanning over the entire PCM matrix [236]. This was in agreement
with the microscopic observations made in the present study (Fig. 4.30), where a quasicontinuous network of CBNP, spanning over the entire PCM matrix, was seen. In general,
nano-inclusion aided enhancement in thermal conductivity is limited due to phonon scattering
at the interfaces (aggregate/aggregate and aggregate/matrix) [432]. CBNP nano-inclusions,
on the other hand formed closely packed aggregates with augmented aggregate/matrix
bonding and improved aggregate/aggregate contact that reduced the thermal barrier resistance
and increased phonon coupling along the percolative trajectories of CBNP. This is in
agreement with the predications of acoustic mismatch and diffuse mismatch models of
scattering for the high and low wavelength phonons, respectively [442, 443]. Hence, CBNP
loaded PCM exhibited the highest thermal conductivity enhancement in the solid state, as
observed from Fig. 4.31b. This study shows the efficacy of cheaper CBNP nano-inclusions to
achieve higher thermal conductivity enhancement in a PCM host matrix that is comparable to
the other alternatives, which are either costly or requires extensive sample preparations.
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4.4 Summary and conclusions
Thermal conductivity enhancement was studied across first order liquid-solid phase transition
in phenol-water system incorporated with four different nano-inclusions, viz. α-Al2O3, SiO2,
hydrophobic SiO2 and TiO2. The phase transition temperature of the phenol-water system
was tuned by adjusting the phenol-water ratio. Incorporation of nano-inclusions to the PCM
caused an enhancement in thermal conductivity which was more prominent in the solid state.
This was attributed to the formation of nano-crystalline needle like microstructure, during
freezing, which was confirmed from optical phase contrast microscopy. Formation of needle
like microstructures during freezing squeezed the nano-inclusions towards the grain
boundaries, thereby forming a network of high thermal conducting percolating pathways,
which caused an enhancement in thermal conductivity. With α-Al2O3, SiO2 and hydrophobic
SiO2 inclusions, thermal conductivity enhancement increased with concentration due to the
formation of larger aggregates at higher concentrations. Atomic force microscopy images
confirmed increased contact area between the closely packed larger aggregates at higher
concentrations, which resulted in a decreased interfacial resistance, thereby aiding in efficient
heat transfer. Thermal conductivity enhancement for the PCM incorporated with hydrophobic
SiO2 was found to be lower, as compared to the PCM loaded with hydrophilic SiO2, which
was attributed to the higher interfacial resistance of the hydrophobic nano-inclusion/PCM
interface. On the other hand, in the case of TiO2 nano-inclusions, thermal conductivity
enhancement increased up to a certain concentration (3 wt. %) and beyond that, it decreased,
possibly due to the higher aggregation probability of TiO2. Addition of 0.02 and 0.04 wt. %
of CBNP increased the thermal conductivity enhancement to 44.7 and 45.9 %, 41.7 and 45.3
% for PCM loaded with 4 wt. % of α-Al2O3 and 3 wt. % of SiO2, respectively. The synergetic
enhancement was attributed to the fractal nature of the CBNP aggregates, which acts as
volume filling agents, increasing the efficiency of the thermal trajectories. Experimental
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results demonstrated the possibility of nano-inclusion assisted enhancement in thermal
conductivity in phenol-water system (PCM) with tunable phase transition temperature for
room temperature thermal energy storage applications, like thermo-regulation of buildings,
domestic refrigeration or cooling and reversible thermal switches.
Thermal conductivity enhancement across the first order liquid-solid phase transition was
studied for palmitic acid (PA)-di-methyl formamide (DMF) based organic phase change
material (PCM), loaded with various concentrations of α-Al2O3, GNP, MWCNT and CBNP
nano-inclusions. The phase transition temperature was tuned from ~ 61 to 31 0C by tuning the
PA-to-DMF ratio. DFT based theoretical studies were carried out to understand the PA-DMF
complex formation and the same was verified using FTIR spectroscopy. DSC studies were
carried out to probe the variations in phase transition temperature and latent heat values with
increasing DMF concentration. PA-DMF composite PCM with 50.5 wt. % DMF was chosen
due to its higher thermal conductivity in the solid state and phase transition temperature ~ 36
0

C, which is ideal for various practical applications. Studies revealed large thermal

conductivity enhancement in the solid state and phase transition region, due to the presence
of nano-crystalline microstructure, in the solid state, decorated with quasi-2D percolation
network of the nano-inclusions, in the solid state. Obtained results indicated that significant
thermal conductivity enhancement was achieved using CBNP nano-inclusions (~ 67 and 153
% in the solid state and phase transition regions, respectively at a loading concentration of
0.05 vol. fraction), as compared to various other metallic and carbon based nano-inclusions.
The reduced cost and low density of CBNP nano-inclusions are beneficial for practical
applications, as it reduces the operational cost. The excellent volume filling capacity and low
fractal dimension of CBNP resulted in the formation of more closely bound aggregates with
improved aggregate/aggregate contacts, which reduced the thermal barrier resistance leading
to enhanced heat transfer along the percolation networks. Aggregation dynamics and
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formation of such percolation network was probed using optical phase contrast microscopy,
where for the first time, direct experimental evidence was provided for solidification induced
cluster formation during liquid-solid phase transition of nano-inclusions loaded PCMs. This
study clearly shows the efficacy of CBNP nano-inclusions as an alternate agent for efficient
thermal conductivity enhancement in PCMs without increasing the cost and loading density.
It is envisaged that CBNP nano-inclusions will provide further impetus towards various
practical applications involving nano-enhanced PCM based thermal energy storage.
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materials

5.1 Introduction
In today’s world low carbon energy policies and rapid industrialization drive the research and
development of green energy materials and technology. Nano-inclusion loaded organic phase
change materials (PCMs) are being developed as efficient agents for latent heat thermal
energy storage (LHTES) [1, 500], intermediate thermal energy storage for solar applications
and waste heat recovery [156], thereby playing a monumental role in reducing fossil fuel
consumption and carbon foot print [144]. Though higher thermal conductivity has been
reported for PCMs loaded with various metallic oxides, multi-walled or single-walled carbon
nano-tubes and graphene nanoplatelets, higher cost of these nano-inclusions (cost of research
grade multiwalled, single walled and graphene oxide are ~ $5/g, $75/g and $100/g,
respectively [495]) remains an issue. Carbon black nanopowder (CBNP), on the other hand,
is significantly cheaper (< $1/g) and has shown high thermal contact conductance in thermal
pastes [477]. CBNP loaded nanofluids have also shown superior photo-thermal capability
[501]. Though room temperature electrical and thermal regulation in oleic acid coated carbon
black nanopowder loaded octadecane has been reported earlier by Wu et al. [236], the
underlying phenomena for thermal conductivity enhancement was not studied in depth.
Moreover, the effect of uncoated CBNP on enhancements of thermal conductivity and photothermal conversion in paraffin wax (PW) and lauric acid (LA) based PCMs need to be probed
experimentally.
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5.2 CBNP aided enhancement in thermal conductivity and photo-thermal conversion in
paraffin wax based PCMs

Paraffin wax (PW) is a mixture of saturated hydrocarbons (n-alkanes), with a melting
temperature of 45-65 0C and superior wetting properties [502]. PW is one of the most widely
used organic PCMs due to its high latent heat of fusion, enhanced thermal stability and
repeatability, low vapour pressure during melting, chemical inertness, reduced lower
supercooling requirements, ease of use, environment friendliness and comparatively lower
cost [1, 58, 286, 428]. Recently, Pavithra et al. [503] reported ~ 25 % higher overall heat
transfer efficiency for co-dispersion of nanostructured magnesium-lined PW and magnesium
oxide hybrid nanofluid. PW based organic PCM has been proposed for battery thermal
management system (BTMS) of Li-ion [212] batteries for electric or hybrid vehicles, which
are more energy efficient and poised to reduce global pollution levels by manifolds.
Nevertheless, low thermal conductivity of pristine PW reduces the heat transfer rate, thereby
increasing the charging/discharging time and hence, nano-inclusion assisted enhancement of
PW based PCMs has attracted considerable interest from fundamental as well as applications
points of view [212, 214, 241, 242, 502, 504, 505]. In the present study, thermal conductivity
enhancement of a PW based PCM, upon loading with various concentrations of CBNP, is
probed systematically. The phase transition temperature of PW is also tuned by adding
required amount of hexadecane (HD) and CBNP assisted enhancement of thermal
conductivity is also investigated for the composite PCM (PW-HD). Consecutive thermal
cycling are performed to study the stability of the CBNP loaded PCM and optical phase
contrast microscopy is carried out to understand the role of microscale aggregation on
thermal conductivity enhancement in the solid state, which is analyzed using a logarithmic
model proposed by Agari & Uno [390]. Photo-thermal conversion efficiency of the CBNP

190

Chapter 5
loaded PW based PCM is also studied experimentally, in a non-contact way, using infrared
thermography.

5.2.1 Preparation of CBNP loaded PCMs
The average sizes of the CBNP nano-inclusions were found to be ~ 29 ± 1 and ~ 31 ± 1 nm
from SEM and AFM studies, respectively (details provided in chapter 2). Here, paraffin wax
(PW) and binary mixture of paraffin wax-hexadecane (PW-HD) were used as PCMs. PW was
used in as-received condition, whereas PW-HD was prepared by mixing 9 mL of HD in 6 mL
of PW. While maintain the temperature of PW at ~ 70 ± 2 0C, HD was slowly added in the
liquid state. Thereafter, the mixture of PW and HD was subjected to magnetic stirring for 25
minutes at a fixed temperature of ~ 65 ± 2 0C. This was followed by a water bath sonication
for 15 minutes at ~ 55 ± 2 0C. The binary mixture was then allowed to cool at room
temperature to form PW-HD based PCM. Five different concentrations (0.5, 1.0, 1.5, 2.0 and
2.5 wt. %) of CBNP were directly dispersed in the PW or PW-HD PCMs in the liquid state
(sample temperature higher than the corresponding melting points) and thereafter, subjected
to water bath sonication for 30 minutes with bath temperature maintained at 65 ± 2 and 55 ±
2 0C for PW and PW-HD, respectively, to prepare the CBNP loaded PCMs. The nanoinclusions (CBNP) were physically added to the PCMs and hence, chemical properties of the
host matrices were left unchanged. To confirm the absence of any chemical reactions, FTIR
spectroscopy was carried out in the attenuated total reflection mode. Additionally, for
reference, FTIR spectra of CBNP was also acquired from transparent pellets, prepared by
hard pressing after thorough mixing with KBr (1.5 wt. %).
The phase transition temperatures and latent heat values of the PCMs, with or without CBNP
loading, were determined from differential scanning calorimetry (DSC) studies under argon
atmosphere with a heating rate of 3 0C/minute. The phase transition temperatures of the PW
191

Chapter 5
and PW-HD based PCMs were also approximately estimated from the variation of
temperature dependent refractive index. Optical phase contrast microscopy (Carl Zeiss
equipped with 10X & 40X objectives) was carried out on the PCMs, with or without CBNP
loading, to study the effect of aggregation at microscale. The microstructure of the pristine
PCMs were also studied by atomic force microscopy (AFM), using a commercial silicon tip
with ~ 10 nm bending radius. For AFM, pristine PCMs (in molten state at temperatures above
their corresponding melting point) were drop casted on thoroughly cleaned glass substrates
and thereafter allowed to freeze in situ. Thermal conductivity measurements were carried out
using a KD2 probe (details provided in chapter 2).
Experiments were carried out to study the photo-thermal conversion efficiency of the PW
based PCM loaded with various concentrations of CBNP, where the samples were exposed to
an artificial solar spectrum using two 1 kW halogen lamps, working at 50 % efficiency. The
halogen lamps were placed at 45

0

from the hypothetical straight line passing through the

centre of the sample holder on either side. The sample-to-lamp distance was fixed at ~ 0.15 m
throughout the experiments. The rise in sample temperature was remotely monitored using a
FLIR SC5000 infrared camera, positioned vertically above the sample at a distance of ~ 0.35
m. For comparison, experiments were also performed on the PCMs without any CBNP
loading. All experiments were repeated thrice and the average values of temperature rise were
considered for further data analysis.

5.2.2 Thermo-physical characterization of PW and PW-HD PCMs
Figures 5.1a-c shows the FTIR spectra of the PW and PW-HD based PCMs, with and
without CBNP loading. For comparison, FTIR spectra of pure HD and CBNP are also shown
in the corresponding figures. The major absorption bands are indexed in Figs. 5.1a-c and
Table 5.1 shows the relevant details [68, 216, 411]. FTIR spectra clearly showed that in the
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cases of PCMs loaded with CBNP, the major absorption bands were neither shifted, nor any
new bands were discernible, which indicated the absence of any chemical reactions between
CBNP and the PCMs [215, 216].

Figure 5.1 Fourier transform infrared (FTIR) spectra of (a) pristine PW, HD and PW-HD; (b)
pristine PW, CBNP and CBNP loaded PW; (c) pristine PW-HD, CBNP and CBNP loaded
PW-HD. The major absorption bands are indexed and Table 5.1 shows the detailed
descriptions.

Figures 5.2a-b show the variation of k/kf during consecutive thermal cycling of PW and PWHD based PCMs, respectively, without any CBNP loading. During thermal cycling, a series
of thermal conductivity measurements were performed in the liquid state, followed by
another set of measurements in the solid state.
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Table 5.1 Major absorption bands indicated in the FTIR spectra.
Legends
A
B
C

Wave number
(cm-1)
2921
2852
2360

Description

D

1588

Symmetric C=C aromatic stretching (not
present for pristine PW and PW-HD)

[68]

E
F
G

1463
1378
719

Asymmetric –CH3 bending
Symmetric –CH3 bending
C-H rocking vibration of long chain alkanes

[216, 411]
[216]
[411]

Asymmetric C-H stretch of CH2
Symmetric C-H stretch of CH2
C=O stretching from atmospheric CO2

Reference
[216, 411]
[216, 411]
[215, 216]

Here, k and kf signify the temperature dependent variable thermal conductivity and thermal
conductivity values of the PCMs in the liquid state (at 65 and 50 0C for PW and PW-HD),
respectively. For PW, the thermal conductivity in the liquid state was found to be ~ 0.155 ±
0.001 W/mK, which was in agreement with the values reported by Wang et al. [58, 245]. On
the other hand, in the case of PW-HD, thermal conductivity in the liquid state was ~ 0.146 ±
0.001 W/mK, which was slightly lower than that of pure PW. This was attributed to the
presence of HD, which has lower thermal conductivity of ~ 0.140 ± 0.002 W/mK [216]. In
the solid state, thermal conductivity values were ~ 0.274 ± 0.003 and 0.237 ± 0.002 W/mK
for PW and PW-HD, respectively. Presence of nanocrystalline structures in the solid state
aids in phonon mediated heat transfer, leading to a higher thermal conductivity, which is also
confirmed by molecular dynamics simulation [493]. Figs. 5.2a-b also show the percentage
enhancement in thermal conductivity. For PW, k/kf was ~ 1 in the liquid state, which
increased up to ~ 1.764 in the solid state (i.e. ~ 76.4 % enhancement of thermal conductivity
in the solid state). Similarly, for PW-HD, thermal conductivity enhanced by ~ 62% after
freezing. It can be further seen from Figs. 5.2a-b that the thermal responses were reversible
for the PCMs, even after four consecutive melting/freezing cycles. This indicated superior
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thermal stability of PW and PW-HD based PCMs, which is desirable for practical
applications. Figs. 5.2c-d show the optical phase contrast images of pristine PW and PW-HD,
respectively, in the solid state. Formation of needle like structures due to anisotropic growth
of HD during freezing [387] were clearly discernible for PW-HD (Fig. 5.2d). On the
contrary, pure PW showed flaky microstructure, with nearly isotropic growth. This was also
confirmed from AFM topography image (50 μm × 50 μm) of pristine PW, shown in Fig.
5.2e. On the other hand, the presence of anisotropic growth can be clearly seen from the
AFM topography image (50 μm × 50 μm) of PW-HD, shown in Fig. 5.2f. It can be further
seen from Fig. 5.2f that the presence of PW in the host matrix of PW-HD based PCMs leads
to a distribution of isotropic and anisotropic microstructures, where the isotropic regions are
predominantly located in-between the needle like structures.
Figure 5.3a-b show the heat flow curves during melting of PW and PW-HD based PCMs,
respectively, loaded with various concentrations of CBNP. It can be seen from Fig. 5.3a that
for PW based PCMs, two distinct phase transformations were present. The smaller peaks at
lower temperature (~ 45 0C) signified solid-solid phase transformation, whereas the major
peaks at higher temperature (~ 60 0C) indicated solid-liquid phase transformation. Around ~
45 0C, PW undergoes a solid-solid phase transformation, where the layered low temperature
structure (monoclinic) transforms to a high temperature homogenous FCC structure with
higher symmetry [506]. It has been reported that PW with chain length below 25 shows two
solid-solid phase transitions, whereas for PW with chain length higher than 32, solid-solid
phase transition is indistinguishable [507]. Hence, the average chain length of PW, used in
the present study, was estimated as ~ 25-32. The presence of C-H rocking vibration in the
FTIR spectra at ~ 719 cm-1 (Fig. 5.1) also confirmed the presence of long carbon chains.
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Figure 5.2 Variation of k/kf and percentage enhancement in thermal conductivity during
consecutive thermal cycling of (a) PW and (b) PW-HD based PCMs, without any CBNP
loading. Optical phase contrast microscopy (10X) images of pristine (c) PW and (d) PW-HD,
in the solid state. AFM topography image (50 μm × 50 μm) of pristine (e) PW and (f) PWHD.

On further raising the temperature, the PW molecules absorbed thermal energy to overcome
the intermolecular forces, subsequently leading to solid-liquid phase transformation. The
solid-solid and solid-liquid phase transformation temperatures for PW, obtained in the present
study, were found to be in good agreement with those reported by Lin et al. [239], Sari and
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Karaipekli [274] and Yu et al [508]. Tables 5.2 & 5.3 show the onset, endset and peak phase
transformation temperatures along with latent heat values for solid-solid and solid-liquid
phase transformations, respectively for PW based PCMs with varying concentration of CBNP
loading. On the other hand, Fig. 5.3b shows a single peak (around ~ 450C) indicating solidliquid phase transformation for PW-HD based PCMs loaded with different concentrations of
CBNP and Table 5.4 shows the corresponding onset, endset and peak phase transformation
temperatures along with the latent heat values.

Figure 5.3 Heat flow curves during melting of (a) PW and (b) PW-HD based PCMs, loaded
with various concentrations of CBNP.
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Table 5.2 Thermal properties of solid-solid phase transformation of PW based PCMs.
CBNP
concentration
(wt. %)
0
0.5
1.0
1.5
2.0
2.5

Onset
temperature
(0C)
(±0.2 0C)
33.9
33.3
39.8
41.3
38.5
38.5

Endset
temperature
(0C)
(±0.2 0C)
49.2
47.2
48.9
48.4
47.8
48.6

Peak phase
transformation
temperature (0C)
(±0.2 0C)
45.6
45.2
44.5
45.5
44.4
45.1

Latent heat (kJ/kg)

11.83
13.19
11.82
8.76
14.92
14.96

Table 5.3 Thermal properties of solid-liquid phase transformation of PW based PCMs.
CBNP
concentration
(wt. %)
0
0.5
1.0
1.5
2.0
2.5

Onset
temperature
(0C)
(±0.2 0C)
55.5
55.2
55.7
55.9
55.5
55.4

Endset
temperature
(0C)
(±0.2 0C)
63.3
63.3
62.7
62.9
62.3
63.1

Peak phase
transformation
temperature (0C)
(±0.2 0C)
60.1
60.3
59.7
59.8
60.1
60.4

Latent heat (kJ/kg)

125.85
123.49
124.49
124.10
121.30
120.14

Table 5.4 Thermal properties of solid-liquid phase transformation of PW-HD based
PCMs.
CBNP
concentration
(wt. %)
0
0.5
1.0
1.5
2.0
2.5

Onset
temperature
(0C)
(±0.2 0C)
32.8
33.3
33.6
34.2
33.4
33.6

Endset
temperature
(0C)
(±0.2 0C)
50.4
51.2
51.6
52.2
51.4
51.1
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Peak phase
transformation
temperature (0C)
(±0.2 0C)
45.9
45.2
44.2
45.5
45.6
46.1

Latent heat (kJ/kg)

44.89
42.91
40.93
41.60
41.28
41.89
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Figure 5.4a shows the variations of peak phase transformation temperature and latent heat, as
a function of CBNP loading, during solid-liquid phase transformation of PW based PCMs. It
can be seen from Fig. 5.4a that the peak temperatures did not vary significantly with
increasing CBNP loading. In the present study, the latent heat of melting was obtained as ~
126 kJ/kg for pristine PW. For PW with short chains (< 15), a higher latent heat value of ~
184-200 kJ/kg was reported in literature [239, 241]. On the other hand, for PW with chain
length ~ 19-36, Wang et al. [58] and Ukrainczyk et al. [509] reported latent heat values
around ~ 140-147 kJ/kg. In the present study, a slightly lower value of latent heat was
obtained for pristine PW, which was attributed to the variation in chain length (average chain
length of ~ 25-32). It can be further seen from Fig. 5.4a that the latent heat decreased slightly
with increasing CBNP concentration, which was also confirmed from Table 5.3. Interaction
of host matrix with the loaded nano-inclusions leads to an increase in latent heat, whereas
increasing nano-inclusion concentration, in general, causes the overall system latent heat to
reduce, as the nano-inclusions do not contribute towards latent heat storage [58, 244]. CBNP
nano-inclusions in PW form fractal clusters (as confirmed by phase contrast optical
microscopy and discussed subsequently), which grow in size with increasing loading
fractions, leading to the dominance of the second factor over the former, resulting in a net
decrease in latent heat with increasing CBNP loading. This is in agreement with the earlier
observations made by Lin et al. [239], Wang et al. [245] and Fang et al. [244] for PW or other
long chain n-alkanes, loaded with metallic or carbon based nano-inclusions. Fig. 5.4b shows
the variations of peak phase transformation temperature and latent heat, as a function of
CBNP loading, during solid-liquid phase transformation of PW-HD based PCMs. It can be
seen that the peak temperatures did not vary significantly with increasing CBNP loading,
whereas latent heat decreased for higher loading fractions. These were in agreement with the
observations made for PW based PCMs.
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Figure 5.4c shows the variation of refractive indices of PW and PW-HD based PCMs,
without any CBNP loading, during melting and solidification cycles. The refractive index of
a medium is defined as the ratio of velocity of light in vacuum to the velocity of light in that
medium and hence, refractive indices were higher in the solid states for PW and PW-HD. As
sample temperature decreased, for a fixed physical state (solid or liquid), refractive index was
found to increase, which was attributed to the reduction of velocity of light in the medium
due to an increase in sample density. The sudden jump in refractive indices during
solidification or melting (encircled in red and black for PW and PW-HD, respectively in Fig.
5.4c) indicated the discontinuous variations in sample density across the first order liquidsolid phase transformations. During freezing, refractive index discontinuously increased by ~
5.8 and 6.7 % for PW and PW-HD, respectively. From refractive index measurements, the
melting and freezing temperatures were found to be ~ 58.9 and 53.1 0C; 44.9 and 30.1 0C for
PW and PW-HD, respectively, which were in good agreement with the data obtained from
DSC (~ 60.1 and 45.9 0C for PW and PW-HD, respectively).
Figure 5.4c shows a super cooling requirement of ~ 5 0C for PW based PCMs, which was
lower than the typical value (~ 8 0C), reported by Wu et al. [214] for MWCNT and GNP
loaded PW. A narrower supercooling requirement, as obtained in the present study, makes
energy recovery easier during practical applications. On the other hand, it can be seen from
Fig. 5.4c that for PW-HD based PCMs, liquid-solid phase transformation occurs over a wider
range (differences between the onset and endset temperatures were ~ 7.8 and 17.6 0C for PW
and PW-HD, respectively), which was also indicated by the larger widths of the heat flow
curves for PW-HD based PCMs (Fig. 5.3b). Figs. 5.4d-e show typical photographs of PW in
the liquid and solid states, respectively. Figs. 5.4f-g show the typical photographs of PW-HD
in the liquid and solid states, respectively.
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Figure 5.4 Variations of peak phase transformation temperature and latent heat, as a function
of CBNP loading, during solid-liquid phase transformation of (a) PW and (b) PW-HD based
PCMs. (c) Variation of refractive indices of PW and PW-HD based PCMs, without any
CBNP loading, during melting and solidification cycles. Typical photographs of pristine PW
in (d) liquid and (e) solid states. Typical photographs of pristine PW-HD in (f) liquid and (g)
solid states.

Infrared thermography (IRT) based non-contact temperature mapping was performed to
probe the variations in surface temperature distribution, during freezing of PW and PW-HD
based PCMs, without CBNP loading. The samples were initially thermally acclimatized
above ~ 85 0C (in the liquid state) and thereafter placed inside a re-circulating water bath,
which was maintained at a constant temperature of ~ 37 (± 0.1) 0C. The water bath was
provided with a top opening to ensure un-interrupted field of view for the infrared camera.
Figs. 5.5a-j show the typical infrared images for PW, during freezing, at time t = 0, 100, 200,
201

Chapter 5
300, 400, 600, 1000, 1200, 1500 and 1800 s, respectively. Figs. 5.5k-t show the typical
infrared images for PW-HD, during freezing, at time t = 0, 100, 200, 300, 400, 600, 1000,
1200, 1500 and 1800 s, respectively. For easy interpretation, pseudo colour coded
temperature scales were provided along with the infrared images. The decrease in sample
temperature, during freezing is evident from the infrared images. It can be further seen from
Fig. 5.5 that sample temperature initially decreased at a faster rate (up to 100 s), whereas for t
= 1000-1800 s, the rate of temperature decay was significantly slower.

Figure 5.5 Typical infrared images for PW, during freezing, at time t = (a) 0, (b) 100, (c)
200, (d) 300, (e) 400, (f) 600, (g) 1000, (h) 1200, (i) 1500 and (j) 1800 s. Typical infrared
images for PW-HD, during freezing, at time t = (k) 0, (l) 100, (m) 200, (n) 300, (o) 400, (p)
600, (q) 1000, (r) 1200, (s) 1500 and (t) 1800 s. For easy interpretation, pseudo colour coded
temperature scales were provided along with the infrared images.
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For quantitative analyses, circular regions of interest were considered, excluding the edge
pixels, and spatial averaging was performed over several pixel locations, within the regions
of interest, to obtain the temporal variation in average temperature. The variations of sample
temperature as a function of time for PW and PW-HD based PCMs, without any CBNP
loading are shown in Fig. 5.6. For comparison, the cooling curve for de-ionized water is also
shown in Fig. 5.6. In the case of de-ionized water, a rapid and exponential fall in sample
temperature was observed and the reference temperature was attained after ~ 550 (± 20) s. On
the other hand, for PW and PW-HD, phase transitions occurred near the corresponding
freezing points (encircled in Fig. 5.6) and hence, reference temperature was attained at
significantly higher time scales (~ 1100 ± 20 and 1000 ± 20 s for PW and PW-HD,
respectively).

Figure 5.6 IRT based variation of sample temperature, as a function of time, for PW and
PW-HD based PCMs, without any CBNP loading, during cooling. For comparison, the
temperature decay curve for de-ionized water is also shown in the figure. The reference
temperature of ~ 37 0C is indicated by the dashed horizontal line. The phase transformation
regions for PW and PW-HD are encircled in black. (Inset) Bar chart comparing the cooling
time (i.e. the time required to attain the reference temperature of 37 0C) for de-ionized water,
PW and PW-HD.
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The inset of Fig. 5.6 shows a bar chart comparing the cooling time (i.e. the time required to
attain the reference temperature of 37 0C) for de-ionized water, PW and PW-HD. The cooling
time was significantly higher for PW and PW-HD based PCMs, as compared to de-ionized
water, which was attributed to the latent heat storage during first order liquid-solid phase
transformations in the PCMs. The gain in cooling time was estimated from the differences in
time required to reach the reference temperature and the gain in cooling time was found to ~
82 and 100 % for PW-HD and PW, respectively, which is immensely beneficial for practical
thermal energy storage applications. These values were comparable to that reported by Rao
and Zhang [510], where the efficacy of PW based PCMs for battery thermal management was
studied and ~ 100 % enhancement in cooling time, as compared to air, was reported for PW
loaded with 20 wt. % modified natural graphite. Further, the phase transformation
temperatures were estimated from the IRT based cooling curves using a differential data
analysis technique and the phase transformation temperatures were estimated as 59.8 ± 0.2
and 45.8 ± 0.1 0C for PW and PW-HD, respectively, which were found to correspond well
with the values obtained from DSC. This study clearly shows the adaptability and accuracy of
IRT based remote temperature mapping, during liquid-solid phase transitions in organic
PCMs, to estimate the phase transition temperature and gain in cooling time in a rapid and
non-contact way.

5.2.3 CBNP assisted enhancement in thermal conductivity of PW-based PCMs
Figure 5.7a shows the temperature dependent variation of k/kf and percentage (%)
enhancement in thermal conductivity for PW based PCMs loaded with various concentration
of CBNP. For comparison, the variation of k/kf for PW, without any CBNP loading, is also
shown in Fig. 5.7a. Here, k and kf indicate the temperature dependent thermal conductivity
and thermal conductivity of virgin PW in the liquid state (kf ~ 0.155 ±0.001 W/mK at 65 0C),
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respectively. As evident from Fig. 5.7a, the variation of k/kf can be divided into three
regions, viz., region I, II and III. In region-I, for temperature above 60 0C, the samples were
in the liquid state. On the other hand, for 30 0C <T<60 0C, the samples underwent solid-liquid
phase transformations (region-II). Transient hot wire based thermal conductivity
measurements were found to be prone to experimental errors in this region and hence, k/kf
values for region-II were not included in Fig. 5.7a. On the other hand, in region-III, for
temperature below 30 0C, the samples were in the solid state. Fig. 5.7a shows that thermal
conductivity enhancements were negligible in region-I (liquid state) and the average values of
thermal conductivity enhancements were ~ 1.7, 3, 4.3, 8.2 and 9.4 % for 0.5, 1.0, 1.5, 2.0 and
2.5 wt. % CBNP loading, respectively. On the other hand, the PCMs showed significantly
higher thermal conductivity values in the solid state due to the formation of crystalline
structure in PW, after freezing, that enhanced phonon mediated heat transfer [237, 387]. For
Virgin PW, thermal conductivity enhanced by ~ 76.4 % after solidification (at ~ 14 0C). It
was further observed that thermal conductivity enhancements increased with CBNP loading
and the average values of thermal conductivity enhancements in solid state were ~ 80.3, 84.8,
97.6, 128.5 and 135 % for 0.5, 1.0, 1.5, 2.0 and 2.5 wt. % CBNP loading, respectively.
Figure 5.7b shows the temperature dependent variation of k/kf and % enhancement in
thermal conductivity for PW-HD based PCMs loaded with various concentration of CBNP.
For comparison, Fig. 5.7b also shows the variation of k/kf for virgin PW-HD. Here, kf
indicates the thermal conductivity of virgin PW-HD in the liquid state (kf ~ 0.146 ± 0.001
W/mK at 50 0C). Similar to the observations made for PW based PCMs (Fig. 5.7a), the
variation of k/kf in the case of PW-HD based PCMs can also be divided into regions-I, II and
III, corresponding to the liquid, phase transformation and solid states, respectively.
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Figure 5.7 Variation of k/kf and percentage enhancement in thermal conductivity, as a
function of temperature, for (a) PW and (b) PW-HD based PCMs loaded with various
concentration of CBNP. The variation of k/kf can be divided into three distinct regions, viz.,
region-I, II and III, which corresponded to the liquid state, phase transformation region and
solid state, respectively.

For T> 45 0C, the samples were in the liquid state and average values of thermal conductivity
enhancements were ~ 0.5, 1.8, 3.9, 4.9 and 6.6 % for 0.5, 1.0, 1.5, 2.0 and 2.5 wt. % CBNP
loading, respectively. Fig. 5.7b further shows that thermal conductivity values were
significantly higher in the solid state (region-III) and for virgin PW-HD thermal conductivity
enhanced by ~ 62 % after solidification (at 16 0C). In the solid state, thermal conductivity
enhancements were ~ 87.9, 102.9, 115.3, 122.1 and 141.1 % for 0.5, 1.0, 1.5, 2.0 and 2.5 wt.
% CBNP loading, respectively. Figs. 5.7a-b show that thermal conductivity enhancements
reduced slightly with decreasing temperature in the solid state, which was due to the
microstructural changes in the host matrices, where larger crystallites are converted to
smaller ones, probably due to the stress fields developed during solidification. Such
phenomena were also earlier observed for hexadecane and phenol based PCMs [215, 216].
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In nano-inclusion loaded PCMs, the nano-inclusions are pushed towards the inter-crystallite
regions during liquid-solid phase transformations, thereby forming a network of clusters/
aggregates along the grain boundaries [215, 216, 231]. Internal stress field, generated during
crystallization, pushes the nano-inclusions towards inter-crystallite regions, leading to an
increase in surficial contact and lowering of interfacial thermal barrier resistance (Kapitza
resistance) [237, 387]. The percolating heat transfer through the network of nano-inclusion
clusters causes an overall enhancement in thermal conductivity [238, 342]. Moreover, lower
interparticle spacing, under the action of internal stress fields, also augments the near-field
radiative heat transfer, thereby enhancing the thermal conductivity of the PCMs loaded with
CBNP nano-inclusions [419]. Figs. 5.8a-b show the optical phase contrast microscopy
images of CBNP loaded (at 0.5 wt. %) PW and PW-HD based PCMs, respectively, in the
solid state, where the clusters of CBNP are clearly discernible. Additionally, Fig. 5.8b shows
the presence of needle like microstructure for PW-HD. A magnified view of a region of Fig.
5.8a is shown in Fig. 5.8c, where the formation of percolating heat transfer pathways can be
clearly visualized. Such network of nano-clusters enhances the effective thermal conductivity
by reducing interfacial phonon scattering and thermal barrier resistance and augmenting the
near-field radiative heat transfer [216]. Fig. 5.8d shows the magnified view (40X) of a single
large cluster of CBNP nano-inclusions in PW-HD, where the presence of needle like
microstructure in the host matrix is clearly discernible. Strong anisotropic growth kinetics
have been reported earlier for HD [216, 237, 387] and these needle like structures were
attributed to the incorporation of HD in the host matrix of PW-HD based PCMs. Figs. 5.8e-f
show the optical phase contrast images of PW and PW-HD based PCMs, respectively, loaded
with 2.0 wt. % CBNP, where the presence of quasi-2D network of CBNP nano-inclusions can
be clearly seen. It can be also seen from Figs. 5.8e-f that for higher loading fractions of
CBNP, larger network of percolating structures formed within the PCMs, eventually
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spanning over the entire host matrices, which resulted in a progressively increasing
enhancement in thermal conductivity for larger loading fractions.
In the present study, the maximum thermal conductivity enhancements with 2.5 % CBNP
loading were ~ 135 and 141 % for PW and PW-HD based PCMs, respectively, which were
substantially larger than most of the earlier values reported in literature using metallic or
carbon based nano-inclusion [58, 214, 239-241, 243, 245, 246, 504, 508]. A few
representative thermal conductivity enhancement values for PW based PCMs, along with the
nature and concentrations of the loaded nano-inclusions are shown in Table 5.5.

Table 5.5 Enhancement in thermal conductivity for PW based PCMs using various
nano-inclusions. MWCNT, GNP and CNF indicate multiwalled carbon nanotubes,
graphene nanoplatelets and carbon nanofibers, respectively.
Nano-inclusions
Name
Concentration (wt.
%)
TiO2
7.0
Cu-nanoparticles
2.0
Copper oxide
10.0
nanoparticles
SiO2
10.0 (along with ~
2 wt. % of
expanded graphite)
functionalized
10.0
MWCNT
MWCNT
2.0
CNF
4.0
graphene aerogel
encapsulating PW
(core-shell like
structure)
GNP
3.0
MWCNT
3.0
GNP
4.0
CNF
4.0
MWCNT
4.0
CBNP@PW
2.5
CBNP@PW-HD
2.5

Enhancement in
thermal conductivity
in solid state (in %)
~ 16.6-17.0
~ 46.3
~ 12.2

Year

Reference

2014
2016
2012

[58]
[239]
[240]

~ 98.7

2018

[241]

~ 86.7

2014

[246]

~ 35.0-40.0
~ 30.0-33.0
~ 32.4 %

2009
2005
2015

[245]
[243]
[504]

~ 50.0
~ 18.0
~ 93.3
~ 20.0
~ 20.0
~ 135.0
~ 141.1

2016

[214]

2013

[508]

2019

Present study
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Figure 5.8 Optical phase contrast microscopy (10X) images of (a) PW and (b) PW-HD based
PCMs, in the solid state, loaded with 0.5 wt. % CBNP. (c) Magnified view (10X) of a region
of (a), where the formation of percolating heat transfer pathways can be clearly visualized.
(d) Magnified view (40X) of a single large cluster of CBNP nano-inclusions in PW-HD, from
(b). Here, the presence of needle like microstructure in the host matrix is clearly discernible.
Optical phase contrast microscopy (10X) images of (e) PW and (f) PW-HD based PCMs,
loaded with 2.0 wt. % CBNP. Here, the presence of quasi-2D network of CBNP nanoinclusions can be clearly seen. For higher loading fractions of CBNP, larger network of
percolating structures formed within the PCMs, eventually spanning over the entire host
matrices.
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It can be seen from Table 5.5 that ~ 98.7 % enhancement in thermal conductivity was
obtained for SiO2 nanoparticle loaded PW with 4 times higher loading concentrations (~ 10
wt. %), as compared to 2.5 wt. % CBNP loading used in the present study. Nevertheless, very
high thermal conductivity enhancement in PW based PCMs loaded with carbon coated
aluminum nanoparticles (~ 206.5 % enhancement in thermal conductivity for 4 wt. %
loading) [212] and exfoliated graphite nanoplatelets of ~ 15 μm lateral size and ~ 10 nm
thickness have been reported earlier [505]. The higher thermal conductivity enhancements
obtained in these studies were attributed to the high bulk thermal conductivity of aluminum
(~ 226 W/mK) or high in-plane thermal conductivity of graphite (~ 3000 W/mK).
Nevertheless, these metallic or graphite based nano-inclusions are costly, requires surface
capping for enhancing thermal stability and involves lengthy sample preparation steps (like
in-plane or through plane milling or casting), which make them less economically viable. On
the other hand, ~ 135 % enhancement in thermal conductivity was achieved in the present
study using extremely cheap CBNP nano-inclusions with low loading concentration (2.5 wt.
%) and without any lengthy sample preparation steps, which make these nano-enhanced
PCMs economically viable and does not increase the weight of the PCM host matrices due to
low density of CBNP (density of CBNP is ~ 0.1 g/cc as compared to ~ 2.7 g/cc and ~ 2.26
g/cc for aluminum and graphite, respectively).
It is reported that CBNP forms aciniform shaped aggregates of primary carbon black particles
(nodules) [407]. The high thermal conductivity of CBNP dispersions in thermal paste is
attributed to its excellent compressibility and volume filling capacity [477]. It is suggested
that the high volume filling capacity and smaller aggregate sizes aids in the formation of
percolation networks with reduced inter-aggregate gaps in PCM loaded with CBNP, after
solidification, which results in larger thermal conductivity enhancements [431]. Wu et al.
[236] reported a thermal conductivity contrast of ~ 3.3 in octadecane based PCM loaded with
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1.25 % volume fraction of CBNP, where the low fractal dimensions of CBNP clusters caused
an enhancement in thermal conductivity. Thermal conductivity enhancements in such nanoinclusion loaded organic PCM is restricted due to phonon scattering at inter-aggregate and
aggregate-matrix interfaces [432, 433]. Low fractal dimension of CBNP leads to the
formation of close-packed nano-inclusion aggregates with enhanced aggregate-PCM
interactions and improved inter-aggregate contacts, leading to reduced thermal barrier
resistance and improved phonon coupling along the conduction pathways, as predicted from
acoustic and diffuse mismatch models for low and high frequency phonons, respectively
[442, 443]. This explains the observed large thermal conductivity enhancements for the PW
and PW-HD based PCMs loaded with various concentrations of CBNP. It can be further
observed from Table 5.5 that for similar loading fractions, thermal conductivity
enhancements were significantly higher for PW based PCMs loaded with GNP (~ 50-93.3
%), as compared to those loaded with MWCNT or CNF (~ 20-40 %). This was attributed to
the larger Kaptiza resistance of MWCNT and CNF, as compared to GNP [65], which also
forms quasi-2D and fractal networks of nano-inclusions [342], similar to the networks formed
by CBNP nano-inclusions. Among various nano-inclusions shown in Table 5.5, the highest
thermal conductivity enhancement was observed for CBNP loading, that too with the lowest
loading concentrations.
Thermal conductivity enhancements for PW and PW-HD based PCMs were found to increase
with CBNP loading, both in liquid and solid states and these variations were studied in detail
to probe the role of agglomeration on thermal conductivity enhancement. Figs. 5.9a-b show
the variations of k/kf and % enhancement in thermal conductivity, as a function of CBNP
concentration (in vol. % = ϕ × 100 %, ϕ being vol. fract.), for PW and PW-HD based PCMs,
respectively, in the liquid state. For PW based PCMs, thermal conductivity enhancements
increased from ~ 1.7 to ~ 9.4 %, when CBNP loading was varied from 0.5 to 2.5 wt. %. On
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the other hand, for PW-HD based PCMs, thermal conductivity enhancements increased from
~ 0.5 to ~ 6.6 % for similar variation in CBNP loading. Figs. 5.9a-b also show the theoretical
curves for thermal conductivity enhancements, which were obtained from Hamilton-Crosser
[366] model considering a particle shape factor of 6 and classical Maxwell-Garnett model. It
can be seen from Figs. 5.9a-b that the experimentally obtained k/kf values were
systematically higher than those predicted by classical Maxwell-Garnett, which indicated the
presence of aggregates, formed due to weak van der Waal’s interactions, in the liquid state
[215, 289]. Such aggregates resulted in an augmentation of thermal conductivity due to
improved physical contact of the nano-inclusions with each other within an aggregate, with
dimension (indicated by its radius of gyration) significantly larger than the individual nanoinclusions [215, 342]. Moreover, these aggregates grow in size with increasing loading
concentration leading to a progressive enhancement in thermal conductivity. It can be further
seen from Figs. 5.9a-b that the theoretical estimations were better for data obtained from the
Hamilton-Crosser model, which was due to the incorporation of particle shape factors in
these calculations. Classical effective medium theory is strictly valid for spherical particles
[511], whereas the shape of the CBNP aggregates were fractal in nature. Further, the
mismatch between the experimental and theoretical data increased with CBNP concentration
in both the cases, which was attributed to the increasing size of the aggregates and enhanced
liquid layering in the vicinity of the nano-clusters [511, 512].
On the other hand, the enhancement of thermal conductivity in the solid state was analyzed
using a logarithmic heat conduction model proposed by Agari and Uno [390], which takes
into account the heat transfer through a percolation network of nano-inclusions in a host
matrix at medium to high loading concentrations.
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Figure 5.9 Variation of k/kf and percentage enhancement in thermal conductivity of (a) PW
and (b) PW-HD based PCMs, in the liquid state, as a function of CBNP concentration. The
theoretical curves for thermal conductivity enhancements, obtained from Hamilton-Crosser
(HC) and classical Maxwell-Garnett (MG) models are also shown in the corresponding
figures.

The effective thermal conductivity of the CBNP loaded PCMs are the highest for parallel
mode of heat transfer, whereas series mode of heat transfer leads to the minimum effective
thermal conductivity. The effective thermal conductivity (k) in parallel mode can be
expressed as k  kCB  (1   )k f , where ϕ, kCB and kf indicate the loading concentration in
volume fraction, thermal conductivity of CBNP nano-inclusions and host matrices (PW or
PW-HD in solid state), respectively. On the other hand, effective thermal conductivity in the
series mode is expressed as

1
 (1   )


. Assuming both modes of heat transfer occur
k kCB
kf

in real scenario, a generalized effective thermal conductivity was proposed by Agari and
Uno, which is indicated by the following equation [390].

k n   (kCB ) n  (1   )(k f ) n

(5.1)

Here, n is an exponent and for n = 1 or -1, the heat transfer modes are purely parallel or series
in nature, respectively. To account for the effects of percolative heat transfer through the
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network of nano-inclusions, changes in crystallinity of the host matrices upon loading with
nano-inclusions and liquid-layering in the vicinity of the nano-inclusions, Eq. 5.1 was further
modified to incorporate the empirical constants (β1 and β2) and is expressed by the following
equation [390].
k n   (kCB ) 1n  (1   )( 2 k f ) n

(5.2)

Here, the empirical constant β1 indicates the ease of forming of quasi-2D network of nanoinclusions and in-turn, corresponds to the percolation heat transfer efficiency [513]. A high
value of β1 (~ 1) indicates superior percolation heat transfer through the networks of nanoinclusions. On the other hand, the empirical constant β2 indicates the nano-inclusions
mediated changes of the thermo-physical properties of the host matrices, like crystallinity
[390], enhanced orientational ordering in the vicinity of nano-inclusions-PCM interfaces [65]
and nano-inclusion induced nucleation during freezing [430]. Performing natural logarithm
on both sides of Eq. 5.2, resulted in a linear variation of ln(k) with loading concentration,
which is indicated by the following equation [390].
ln(k )  1 ln(kCB )  (1   ) ln(  2 k f )

(5.3)

The empirical constants β1 and β2 were determined from linear regression analyses. Figs.
5.10a-b show the variations of ln(k) as a function of CBNP loading concentration (in vol. %)
for PW and PW-HD based PCMs, respectively.
The linear regression analyses, based on Eq. 5.3, are also shown in the corresponding figures.
The R2 values were found to be ~ 0.89 and 0.97 for PW and PW-HD, respectively. The
empirical constant β1 was found to be ~ 1.0, in both the cases, which indicated efficient
percolative heat transfer through the fractal network of CBNP nano-inclusions. It must be
noted in this regard, that the value of β2 was found to be ~ 30 % higher for PW-HD based
PCMs, which might be due to the strong anisotropic growth kinetics of HD during freezing
[387].
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Figure 5.10 Variation of ln(k) as a function of CBNP loading concentration (in volume
fraction) for (a) PW and (b) PW-HD based PCMs, in the solid state. The linear regression
analyses, obtained from Eq. 4, following Agari & Uno model, are also shown in the
corresponding figures. The values of the empirical constants (β1 & β2) were estimated from
the linear regression analyses.

This was also discernible from the atomic force and optical phase contras microscopy images.
For theoretical calculations, the thermal conductivity of CBNP (kCB) was considered as ~
0.182 W/mK [514]. Though this value is higher than the liquid state thermal conductivities of
PW and PW-HD; thermal conductivities of the pristine PCMs were higher in the solid state.
Nevertheless, it must be noted in this regard, during freezing of the nano-inclusion loaded
PCMs, solidification induced internal stress field compresses the CBNP nano-inclusions
leading to a higher thermal conductivity in the solid state [514].
Figures 5.11a-b show the thermal cycling of PW and PW-HD based PCMs, respectively,
loaded with 1.5 wt. % of CBNP. In the case of PW based PCM, thermal conductivity
enhancements in the solid state were ~ 91.4, 79.0, 74.1 and 71.6 % after 1st, 2nd, 3rd and 4th
thermal cycles, respectively. On the other hand, for PW-HD, thermal conductivity
enhancements in the solid state were ~ 117.1, 92.8, 67.8 and 57.9 % after 1st, 2nd, 3rd and 4th
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thermal cycles, respectively. Due to irreversible aggregation dynamics of the nano-inclusion
clusters, thermal conductivity enhancements in solid state decreased with increasing number
of thermal cycles (as seen from Figs. 5.11a-b) [216, 515]. Moreover, weak interactions
between nano-inclusions and host matrices leads to negative thermal conductivity
enhancements for positive Kapitza length, which also results in the variation of thermal
conductivity enhancements during thermal cycling [231]. It must be noted in this regard that
after repeated freezing/melting cycles, the aggregates of CBNP grow in size, which increases
the surface roughness leading to higher diffused phonon scattering at the interfaces, which
also contributes to the lowering of thermal conductivity [443]. Figs. 5.11c-d show the heat
flow curves for PW and PW-HD based PCMs, respectively, without any CBNP loading in the
virgin condition as well as after 100 thermal cycles. It can be clearly seen from Figs. 5.11c-d
that phase transformation characteristics remain almost similar for the PCMs, even after 100
thermal cycles. The inset of Fig. 5.11c show the variations of peak phase transformation
temperature and latent heat after 100 cycles for PW. It can be clearly seen that peak phase
transition temperature and latent heat remained almost constant (peak temperature increased
from ~ 60.0 0C to ~ 60.1 0C after 100 cycles and latent heat slightly decreased from ~ 125.9
kJ/kg to ~ 123.3 kJ/kg after 100 thermal cycles). Similarly, from the inset of Fig. 5.11d it can
be seen that for PW-HD, the variations in peak phase transformation temperature and latent
heat were negligible (peak phase transformation temperature increased from ~ 45.9 0C to ~
46.1 0C after 100 cycles and latent heat decreased from ~ 44.9 kJ/kg to ~ 44.1 kJ/kg after 100
cycles). The decrease in latent heat was only ~ 2.1 and 1.8 % for PW and PW-HD,
respectively, even after 100 thermal cycles, which shows the efficacy of these PCMs for
practical applications in latent heat thermal energy storage systems.
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Figure 5.11 Variation of k/kf and percentage enhancement in thermal conductivity during
repeated thermal cycling of (a) PW and (b) PW-HD based PCMs, loaded with 1.5 wt. % of
CBNP. Heat flow curves for (c) PW and (d) PW-HD based PCMs, without any CBNP
loading, in the virgin condition as well as after 100 thermal cycles. (Inset of c and d) Bar
chart comparing the variations of peak phase transformation temperature and latent heat
values between the virgin condition and after 100 thermal cycles for PW and PW-HD based
PCMs, respectively.

5.2.4 CBNP assisted enhancement in photo-thermal conversion of PW-based PCMs
Photo-thermal conversion is of immense practical importance for efficient utilization of solar
energy in the form of direct solar absorbing working fluids or intermediate storage of solar
energy using direct solar absorbing PCMs [47, 516]. CBNP is a non-selective solar absorber
over a wide range of solar spectrum (~ 0.25-2.5 μm) and has been reported to exhibit superior
solar absorption properties and volumetric heating efficiency, when incorporated in a host
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matrix, as compared to other nanoparticles [516, 517]. Here, we study the photo-thermal
conversion efficiency of CBNP loaded PW based PCMs and Fig. 5.12a shows the variation
in temperature rise, as a function of time, for the PW based PCMs loaded with various
concentrations of CBNP. Here, the samples were initially thermally acclimatized at ~ 20 (± 1)
0

C for 5 minutes and thereafter, exposed to the artificial solar spectrum using two 1kW

halogen lamps working at 50% efficiency. Infrared thermography was used for non-contact
measurement of the rise in sample temperature and it can be seen from Fig. 5.12a that sample
temperature monotonically increased with time upon exposure to the solar spectrum. It can be
further seen from Fig. 5.12a that the rate of temperature rise was larger for higher CBNP
loading. The observations were in agreement with the temperature rise curves earlier reported
for aqueous nanofluid containing CBNP nano-inclusions [47].
The photo-thermal conversion efficiency was quantitatively estimated from the initial rate of
temperature rise under adiabatic limit, (

dT
dt

), which was estimated from linear regression
t 0

analyses of the temperature rise curves. Fig. 5.12b shows the variation of initial rates of
temperature rise and maximum temperature rise (ΔTmax) at t = 700 s, as a function of CBNP
concentrations. It can be seen from Fig. 5.12b that the rates of temperature rise and ΔTmax
increased linearly with CBNP concentration (linear fits are also shown in the figure). The R2
values were ~ 0.97 in both the cases. The observed linear increase in photo-thermal
conversion efficiency with increasing CBNP loading was found to be in agreement with the
measurements reported by Zeiny et al. [516] for CBNP based nanofluids. Fig. 5.12c shows a
bar chart comparing the % enhancement in photo-thermal conversion efficiency as a function
of CBNP loading for the PW based PCMs. The % enhancements in photo-thermal conversion
efficiency were ~ 6.5, 24.5, 49.7, 66.5 and 84.3 % for 0.5, 1.0, 1.5, 2.0 and 2.5 wt. % CBNP
loading, respectively.
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Figure 5.12 (a) Variation in temperature rise, as a function of time, for the PW based PCMs
loaded with various concentrations of CBNP during photo-thermal studies. (b) Variation of
initial rates of temperature rise and maximum temperature rise (ΔTmax) at t = 700 s, as a
function of CBNP loading for the PW based PCMs. The linear regression analyses are also
shown in the figure. (c) A bar chart comparing the percentage enhancement in photo-thermal
conversion efficiency as a function of CBNP loading for the PW based PCMs.
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The total extinction coefficient (σeff) of the nano-enhanced PCM is the sum-total of the
extinction coefficients of the host matrix (PCM) and the dispersed nano-inclusions (CBNP),
i.e. σeff = σmatrix + σCBNP. The extinction coefficient of the host matrix is independent of the
CBNP loading concentration and can be expressed as σmatrix = 4πλ-1kmatrix, where λ and kmatrix
indicate incident wavelength and complex component of the refractive index of the host
matrix [518]. On the other hand, the extinction coefficient of the CBNP nano-inclusions are
dependent on the scattering (QS) and absorption (QA) efficiencies of the dispersed nanoinclusions and can be expressed as σCBNP = 1.5ϕ(QS + QA)/D, where ϕ and D indicate loading
concentration and typical nano-inclusion dimension, respectively [519]. This shows that the
total extinction coefficient increases with CBNP loading, thereby enhancing the photothermal conversion efficiency.
CBNP forms aciniform shaped aggregates and the size of these aggregates increases with
loading concentrations, as seen from the optical phase contrast microscopy images. (Figs.
5.8e-f). Such micron sized aggregates result in Mie scattering of the incident solar radiation
and the total extinction (QE = QS + QA) efficiency is expressed by the following equation
[520].
QE 

2
(D /  ) 2



 (2n  1)(a

n

 bn )

(5.4)

n 1

Here, an and bn are Mie scattering coefficients (electric and magnetic, respectively [520]) and
earlier studies show that for fixed values of incident wavelength and dielectric constant, the
Mie extinction efficiency of carbon nanospheres increases with the dimension of the nanoinclusions [521]. This results in intense multiple scattering and augmented absorption of the
incident solar radiation in the PW based PCMs loaded with higher concentrations of CBNP
nano-inclusions, leading to enhanced photo-thermal conversion efficiency.
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5.3 CBNP aided enhancement in thermal conductivity and photo-thermal conversion in
lauric acid-based PCMs

Here, lauric acid (LA) was chosen as the PCM due to its solid-liquid phase transition
temperature (~ 45 0C), which is ideal for various applications in building thermoregulation,
textile industries, hot water pipe lines, waste heat recovery and solar-thermal applications
[90, 281, 522]. Earlier studies, reported thermal conductivity enhancements in LA based
PCMs loaded with various types of nano-inclusions, viz. expanded perlite [282], single
walled carbon nano horns [250], activated carbon, graphene nanoplatelets [65], expanded
vermiculite [284], modified sepiolite [283], carbonized wood [523] and silicon dioxide [249].
Nevertheless, lengthy and time-consuming sample preparation steps (like vacuum
impregnation or wet chemical methods) and high cost of these nano-inclusions render them
less cost effective for rapid large-scale adaptation. This calls for the development of cheaper
PCMs loaded with alternate nano-inclusions. Intermediate storage of solar energy using solar
absorbing PCMs is essential for effective utilization and load redistribution of solar-thermal
energy applications [47]. This is also immensely beneficial from environmental aspect to
minimize energy wastage [516]. It is envisaged that high thermal conductivity coupled with
enhanced photo-thermal conversion efficiency of such alternate nano-inclusions will pave the
way for designing portable solar-thermal battery packs that are immensely helpful for
practical applications. Towards this objective, here, the suitability of carbon black nano
powder (CBNP) as a low-cost alternate nano-inclusion for LA based PCMs was studied. To
arrest the leakage and associated material loss, LA based form-stable PCM with good load
bearing capacity was demonstrated.
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5.3.1 Preparation of nano-inclusion loaded PCMs
CBNP nano-inclusions were dispersed in the liquid PCM, under water bath sonication with
bath temperature maintained at ~ 55 ± 2 0C (i.e. above the solid-liquid phase transition
temperature of LA, which is typically around ~ 45 0C). In the case of CBNP nano-inclusions,
8 different loading concentrations were used, viz. 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5 and 4.0 wt.
%. The corresponding sonication times were 1200, 1500, 1800, 2100, 2400, 2700, 3000 and
3300 s, respectively. The sonication time was increased for higher loading concentrations to
ensure homogenous dispersion of the nano-inclusions within the PCM. After thorough
mixing, the nano-inclusion loaded PCMs were solidified under natural cooling
(environmental temperature kept constant at 22 ± 1 0C). To confirm the absence of any
chemical reactions, FTIR spectroscopy was performed. To study the effect of aggregation on
thermal conductivity enhancement of the nano-inclusion loaded PCMs, optical phase contrast
microscopy imaging was carried out, in the solid state, using a Carl Zeiss inverted
microscope equipped with a 10X objective. Additionally, to probe the aggregation dynamics
at micro-scale, real-time optical phase contrast video-microscopy was carried out during
freezing of the PCM loaded with 1 wt. % of CBNP nano-inclusions. Differential scanning
calorimetry (DSC) studies were carried out under an inert atmosphere of argon gas (heating
rate of ~ 3 0C per minute) to quantify the phase transition temperature and latent heat of the
pristine or nano-inclusion loaded PCMs. The peak phase transition temperatures, onset and
endset temperatures and the associated latent heat values were evaluated from the heat flow
curves, with measurement accuracies of ± 0.1 0C, ± 0.5 0C and 0.4 kJ/kg, respectively. The
phase transition temperatures were also evaluated from refractive index and IRT-based
measurements. For IRT based experiments, the samples were initially thermally acclimatized
at 75 0C and then placed within a recirculating water bath with bath temperature fixed at ~ 20
± 0.1 0C. The recirculating water bath was equipped with a top opening that ensured
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unobstructed field of view for the infrared camera, which was positioned at ~ 0.35 m
vertically above the samples. Thermal conductivity and photo-thermal conversion were
measured using a KD2 probe and infrared thermography-based non-contact temperature
measurement, respectively (details provided in chapter 2).

5.3.2 Thermo-physical properties of the nano-inclusion loaded PCMs
Figure 5.13 shows the FTIR spectra of the pristine PCM and the PCM loaded with CBNP
nano-inclusion, where all the major absorption bands are indexed. Detailed descriptions of
the absorption bands are provided in Table 5.6 [68, 217, 248, 249, 524]. It can be seen from
Fig. 5.13 that the absorption bands remained unchanged after loading the PCMs with CBNP
nano-inclusions and no new absorption bands were observed. This indicated that no chemical
reactions occurred between the nano-inclusions and the PCM host matrix [62, 142, 220].

Figure 5.13 FTIR spectra of the CBNP a loaded PCM, where all the major absorption bands
are indexed and detailed descriptions are provided in Table 5.6. For comparison, the FTIR
spectra of the pristine PCM, without any nano-inclusions, are also shown.
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Table 5.6 Detailed description of the major absorption bands observed in the FTIR
spectra of the PCMs, with or without nano-inclusion loading.
Legend
(a)
(b)
(c)

Wave number (cm-1)
2926
2850
2358

(d)

1707

(e)
(f)
(g)

1470
1424
1298

(h)

937

Description
Stretching vibrations of -CH3 group
Stretching vibrations of -CH2 group
C-O
stretching
vibration
from
atmospheric CO2
Stretching vibration of C=O (carbonyl
group)
-CH2 scissor vibration
-CH3 asymmetric deformation vibration
In-plane bending vibration of O-H
(hydroxyl group)
Out-of-plane bending vibration of O-H
(hydroxyl group)

Reference
[68, 249]
[68, 249]
[217]
[68]
[524]
[524]
[248]
[248]

Figure 5.14a shows the heat flow curves for the PCMs loaded with varied concentrations of
CBNP nano-inclusions. The heat flow curves for the pristine LA is also shown the figure for
comparison. It can be seen from Fig. 5.14a that the heat flow curves consisted of single
endotherms, indicating the first order solid-liquid phase transitions. The onset (TO) and endset
(TE) temperatures indicted the beginning and completion of the phase transition process,
which were determined from the intersections of the extrapolated tangents from points of
maximum slopes of the leading and trailing edges, respectively, with the base line [412]. The
latent heat values were determined from the areas under the heat flow curves. Additionally,
the latent heat values were calculated for the nano-inclusion loaded PCMs, using the formula:
ΔHPCM = ε × ΔHLA, where ΔHPCM, ΔHLA and ε indicate the calculated latent heat of the nanoinclusion loaded PCMs, experimentally determined latent heat for pristine LA and mass
percentage of the host matrix in the nano-inclusion loaded PCMs, respectively [523]. The
peak phase transition temperature (TP), TO, TE and latent heat values (experimental and
theoretical) are listed in Table 5.7 for the PCMs loaded with various concentrations of CBNP
nano-inclusions. In the present study, the peak phase transition temperature for pristine LA
was found to be ~ 45.4 ± 0.1 0C, which was found to be in agreement with the earlier reported
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values of 44.0 - 46.8 0C [249, 250, 525]. Fig. 5.14b shows the variations of TO, TP and TE for
the PCMs loaded with various concentrations of CBNP nano-inclusions. It is evident from
Figs. 5.14b and Table 5.7 that the phase transition temperature did not vary significantly
with increasing loading concentrations, which indicated the absence of any strong
interactions between the nano-inclusions and the PCM host matrix [249]. Similar results were
earlier reported for paraffin wax based PCMs loading with various concentrations of CBNP
nano-inclusions [217]. In the present study, the latent heat of melting for pristine LA was
found to be 151.6 ± 0.4 kJ/kg, which was in agreement with the earlier reported values of
142-159 kJ/kg [250, 281, 282]. Figs. 5.14c shows the variations of experimental and
calculated latent heat values with increasing loading of CBNP nano-inclusions.

Table 5.7 Onset temperature, peak phase transition temperature, endset temperature
and latent heat values for the PCMs loaded with various concentrations of CBNP nanoinclusions.
CBNP
concentration
(wt. %)

TO (0C)
(± 0.5 0C)

TP (0C)
(± 0.1 0C)

TE (0C)
(± 0.5 0C)

0
1
2
3
4

43.8
43.8
43.7
43.7
43.7

45.4
45.8
45.5
45.2
45.3

48.4
48.5
48.4
48.9
49.3

Latent heat
(kJ/kg)
(± 0.4 kJ/kg)
(experimental)
151.6
149.5
142.6
139.0
138.5

Latent heat
(kJ/kg)
(calculated)
150.1
148.6
147.1
145.5

Figure 5.14c clearly shows that latent heat decreased at higher loading. In the absence of any
significant interaction between the nano-inclusions and the PCM host matrix (as confirmed
from FTIR spectroscopy), increasing loading of nano-inclusions leads to a decrease in latent
heat as the mass percentage of PCM is decreased progressively and only the PCM matrix
absorb or release heat during phase transition and the nano-inclusion do not contribute
towards latent heat storage [58, 217, 249]. Similar decreasing trends in latent heat values for
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higher loading were earlier reported by Chen et al. [248] for LA-activated carbon composite
PCMs; Fu et al. [281] for LA-diatomite composite PCMs; Sari et al. [282] for LA–expanded
perlite composite PCMs and Shen et al. [283] for LA-modified sepiolite composite PCMs.

Figure 5.14 (a) Heat flow curves of the CBNP loaded LA-based PCMs. For comparison, heat
flow curve of the pristine LA is also shown. (b) Variation of onset, peak and endset
temperature as a function of CBNP loading. (c) Variation of experimental and calculated
latent heat as a function of CBNP loading.
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Figure 5.15a shows the temperature dependence of the refractive index for pristine LA,
during melting and solidification. Refractive index was lower in the liquid state and with
decrease in temperature, refractive index increased due to an increase in medium density. The
phase transition region (encircled in Fig. 5.15a) was associated with a sudden change in
refractive index due to the discontinuous change in medium density during first order liquidsolid phase transition. From refractive index measurements, the phase transition temperature
for pristine LA was estimated as ~ 44 ± 0.5 0C. Further, the refractive index at T = 40 0C,
were ~ 1.4335 and 1.43315 during solidification and melting, respectively. These values were
in good agreement with the earlier reported value of ~ 1.4319 at T = 40 0C, for pure LA
[526]. The insets of Fig. 5.15a show the typical photographs of LA in the solid and liquid
states.
Non-contact temperature mapping using infrared thermography (IRT) was carried out to
probe the cooling curve of pristine LA and Figs. 5.15b-c show the typical infrared images,
along with the pseudo-colour coded temperature scales, for LA at time t = 0 and 500 s,
respectively. The infrared images showed a clear decrease in sample temperature with time.
Quantitative measurements were carried out by performing spatial averaging over several
pixels, excluding the edge pixels. Fig. 5.15d show the average temperature decay during
natural cooling, when the sample was immersed in a recirculating water bath maintained at ~
20 ± 0.1 0C (indicated by the black horizontal base line in Fig. 5.15d). The region of highest
slope change was identified from differential analysis of the IRT-based temperature decay
curve and the phase transition temperature was estimated at 46.2 ± 0.5 0C. The sample
temperature dropped from the initial value of ~ 75 0C to ~ 46.2 0C within 117 s and
thereafter, the sample temperature remained constant during completion of the phase
transition for ~ 800 s. The phase transition region was associated with the nearly flat region
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of the temperature-time curve in Fig. 5.15d and beyond this, the sample temperature again
decreased, ultimately attaining the surrounding water-bath temperature.

Figure 5.15 (a) Variation of the refractive index as a function of temperature for pristine LA,
during melting and solidification. The phase transition region is indicated in the figure.
(Insets) Typical photographs of LA in the solid and liquid states. Typical infrared images for
LA during cooling, when placed within a temperature-controlled water bath at time t = (b) 0
and (c) 500 s. The pseudo colour coded temperature scales are also shown. (d) Average
temperature decay, during natural cooling, obtained from infrared thermography. For
comparison, the temperature decay curve for de-ionized water is also shown. The horizontal
line indicates the water bath temperature. (Inset) Bar chart comparing the cooling times for
de-ionized water and LA. (e) Bar chart comparing the phase transition temperatures for
pristine LA, estimated from three different experimental techniques, viz. differential scanning
calorimetry (DSC), refractive index (RI) measurement and infrared thermography (IRT)
based temperature mapping.
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For comparison, Fig. 5.15d also shows the temperature decay for de-ionized water, where
temperature decayed exponentially to attain the surrounding water bath temperature at an
earlier time scale. The inset of Fig. 5.15d shows a bar chart comparing the cooling times for
de-ionized water and LA. Here, cooling time was defined as the time required to attain the
temperature of water bath (with a relaxation of ± 0.5 0C). The cooling times for de-ionized
water and pristine LA were 610 ± 25 and 1960 ± 40 s, respectively. This indicated ~ 221 %
gain in cooling time for pristine LA, which is immensely advantageous for thermal energy
storage applications. Fig. 5.15e show a bar chart comparing the phase transition temperatures
for pristine LA, estimated from three different experimental techniques, viz. DSC, refractive
index (RI) measurement and IRT based temperature mapping. It can be seen from Fig. 5.15e
that the phase transition temperatures determined from the above-mentioned three methods
were in agreement with each other.

Figure 5.16 (a) Variation of k/kf and percentage enhancement in thermal conductivity as a
function of temperature for pristine LA. Here, k and kf indicate temperature dependent
thermal conductivity and thermal conductivity of LA in the liquid state (at T = 52 0C),
respectively. The variation of k/kf was divided into two distinct regions, viz. liquid and solid
states (as indicated in the figure). The shaded region in the figure indicate the phase transition
region. (b) Variations in k/kf and percentage enhancement in thermal conductivity in the
liquid (T = 52 0C) and solid (T = 25 0C) states for pristine LA, during consecutive
melting/freezing cycles (thermal cycles).
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Figure 5.16a shows the temperature dependent variations of k/kf in the case of pristine LA,
where k and kf indicated measured thermal conductivity and thermal conductivity of pristine
LA in the liquid state (at T = 52 0C), respectively. In the present study, kf was found to be ~
0.140 ± 0.001 W/mK, which was in agreement with the earlier reported values [527]. Fig.
5.16a also shows the percentage enhancement in thermal conductivity, as a function of
temperature. The variation of k/kf was divided into two distinct regions, viz. liquid and solid
states (as indicated in Fig. 5.16a). On the other hand, the purple shaded region in Fig. 5.16a
indicated the phase transition region, where thermal conductivity measurements were not
performed because of instabilities due to thermal fluctuations. It can be seen from Fig. 5.16a
that k/kf values were lower in the liquid state and significant thermal conductivity
enhancement was observed in the solid state. In the solid state, thermal conductivity for
pristine LA were ~ 0.287 ± 0.002 and 0.240 ± 0.002 W/mk at T = 25 and 14 0C, respectively.
These values were in good agreement with earlier reported values of 0.215-0.280 W/mK [65,
68]. With decrease in sample temperature, LA undergoes first order liquid-solid phase
transition (at ~ 45 0C) and form nano-crystalline structure after freezing, which aides in
phonon mediated heat transfer in the solid state [215, 216]. Formation of regular crystalline
structure in LA, after freezing, was experimentally confirmed from X-ray diffraction, where
sharp Bragg reflection peaks, corresponding to the monoclinic structure of solidified LA
crystals, were observed [281, 528]. Molecular dynamics based simulation studies also
confirmed higher thermal conductivity in the solidified PCMs, due to the presence of
nanocrystalline structures [493]. Harish et al. [250] also reported similar thermal conductivity
enhancements in LA based PCMs, after solidification. Fig. 5.16a further indicated a slight
decrease in solid state thermal conductivity at lower temperature, which was attributed to the
stress field induced conversion of larger crystallites to finer ones [387]. Presence of such
smaller crystallites increases the phonon scattering at the grain boundaries, which can result
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in a decrease in thermal conductivity in the solid state with decreasing sample temperature.
Similar phenomena were also observed in other crystal forming organic PCMs, like phenolwater system, n-hexadecane and paraffin wax [215-217, 237, 387, 395]. On the other hand,
absence of phonon mediated heat transfer in the liquid state resulted in the lower thermal
conductivity, as observed in Fig. 5.16a [215]. Fig. 5.16b shows the variations in k/kf and
percentage enhancement in thermal conductivity during consecutive thermal cycling for
pristine LA. It was observed from Fig. 5.16b that the k/kf values were ~ 1.0 and 2.05 in the
liquid and solid states, respectively, indicating ~ 105 % enhancement in thermal conductivity
in the solid state for pristine LA, which was attributed to the high phonon-mediated heat
conduction efficiency in the solid state. Fig. 5.16b clearly shows the superior reversibility
and stability of thermal conductivity enhancements during consecutive thermal cycles for the
LA-based PCMs, which are advantageous for practical applications in thermal energy
storage.

5.3.3 CBNP assisted enhancement of thermal conductivity in LA-based PCMs
Figure 5.17 shows the temperature dependent variations of k/kf and thermal conductivity
enhancement (in %) for the CBNP loaded PCMs, with varying particle loading. The
variations of k/kf were divided into the liquid and solid regions and the purple shaded regions
in Fig. 5.17 indicated the phase transition region. For comparison, variations of k/kf in the
case of pristine LA are also shown in the figure. Fig. 5.17 clearly showed that the variation of
k/kf were not significant in the liquid state, whereas large thermal conductivity enhancements
were observed in the solid state, i.e. at temperatures well below the phase transition point. In
the case of CBNP loaded PCMs, thermal conductivity enhancements in the liquid state (T =
52 0C) were ~ 3.6, 5.5, 9.0, 11.2, 13.3, 15.4, 16.9, 17.6 % for loading concentrations of 0.5,
1.0, 1.5, 2.0, 2.5, 3.0, 3.5 and 4.0 wt. %, respectively. Fig. 5.17 further shows that the thermal
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conductivity enhancements in the solid state (T = 25 0C) were ~ 132.8, 140.1, 143.0, 160.1,
163.7, 174.3 and 195.0 and 167.2 % for the PCMs loaded with 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5
and 4.0 wt. % CBNP nano-inclusions, respectively.
For nano-inclusion loaded PCMs, the inclusions are squeezed towards the grain boundaries
during freezing, predominantly due to the solidification induced stress fields [237, 387].
Existence of inhomogeneous distribution of internal stress fields in frozen hexadecane has
been experimentally demonstrated [387]. The internal stress fields drive the nano-inclusions
towards the intercrystallite spacing, which leads to the development of a quasi-2D percolating
network of nano-inclusions with significantly superior thermal conductivity [238, 342].
Solidification induced stress field improves the surficial contacts between the nanoinclusions, thereby reducing interfacial phonon scattering and Kapitza resistance (i.e. thermal
contact resistance) that causes an enhancement in phonon mediated conductive heat transfer
through the network of nano-inclusions [234].
Further, the internal stress field induced aggregation reduces the interparticle spacing that
results in the improvement of near-field radiative heat transfer, which provides further
impetus to the effective heat transfer properties of the nano-inclusion loaded PCMs [419].
Formation of such nano-inclusion aggregates and subsequent development of percolating
network was experimentally observed using optical phase contrast video microscopy. Figs.
5.18a-l show a few typical still micrographs, extracted from a time stamped video file,
corresponding to t = 0, 5, 10, 15, 17, 19, 21, 23, 25, 30, 35 and 40 s, respectively. Figures
5.18a-c show the photomicrographs corresponding to the liquid state of the PCM (sample
temperature ~ 50.5 ± 0.1 0C), where the CBNP nano-inclusions are clearly seen. In the
present study, CBNP nano-inclusions were used without any surface modification and hence,
on dispersion in the liquid PCM, loosely bound aggregates were formed due to van der
Waal’s interaction, as seen from Figs. 5.18a-c.
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Figure 5.17 Variations of k/kf and percentage enhancement in thermal conductivity, as a
function of temperature, for the LA based PCMs loaded with various concentrations of CBNP
nano-inclusions. The variation of k/kf was divided into two regions, viz. liquid and solid
states and the shaded regions indicated the phase transition region. For comparison, variation
of k/kf in the case of pristine LA is also shown.
At time t = 10 s, the sample stage (peltier controlled) was allowed to cool to ~ 43.0 ± 0.1 0C
at a cooling rate of 1.5 0C/minute and thereafter, the sample temperature was maintained at
43.0 ± 0.1 0C up to 40 s for completion of the freezing process. Fig. 5.18d (at t = 15 s) shows
the commencement of the freezing process and the solidification wave fronts were clearly
visible (indicated by the brown arrows). These wave fronts represented the internal stress
fields, which initiated micro-scale movement of the nano-inclusions. Figs. 5.18e-i show the
formation of nano-inclusion aggregates during freezing. The red dashed elliptical regions in
Figs. 5.18e, j and l show the consolidation of a tightly bound aggregate which resulted in
improved aggregate-aggregate surficial contacts, thereby reducing interfacial phonon
scattering.
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Figure 5.18 A few typical still micrographs, extracted from the real-time optical phase
contrast video microscopy (multimedia file SV1.avi in the supplementary information),
corresponding to t = (a) 0, (b) 5, (c) 10, (d) 15, (e) 17, (f) 19, (g) 21, (h) 23, (i) 25, (j) 30, (k)
35 and (l) 40 s. Formation of nano-inclusion clusters and percolating network are evident
from the images and the legends are explained in the text. A typical percolating heat transfer
path is schematically shown by the zig-zag arrows in (k).

Similarly, the indigo coloured elliptical regions in Figs. 5.18e, f and j show the development
of a large aggregate of nano-inclusion, with progressively reduced interparticle spacing. On
the other hand, the violet coloured elliptical regions in Figs. 5.18e, g and l show the internal
stress induced merging of two smaller nano-inclusion aggregate to form a comparatively
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larger aggregate, which is energetically favourable due to the lowering of surface-to-volume
ratio [385]. The optical phase contrast video microscopy-based studies experimentally
confirmed the micro-scale aggregation phenomena during solidification of the PCMs that
resulted in the formation of quasi-2d network of nano-inclusions with high percolation heat
transfer efficiency (schematically shown in Fig. 5.18k). Thermal conductivity enhancement
in nano-inclusion loaded PCMs is primarily due to three level homogenizations of the
clusters with the host matrices [216, 341, 342]. The effective thermal conductivity of the
nano-inclusion aggregates (consisting of a quasi-continuous back-bone and randomly placed
dead-ends) are due to the second level homogenization of the back-bone network with the
dead-ends homogenized (first level) with the PCM host matrix. Finally, a third level
homogenization of the nano-inclusion aggregates with the PCM host matrix leads to the
enhanced thermal conductivity of the nano-enhanced PCM [341]. The above hypothesis is the
most widely accepted one for explaining the nano-inclusion aided thermal conductivity
enhancement in organic PCMs [9, 65, 497] and the time-stamped video microscopy-based
studies provided direct experimental evidence for the same.
Figure 5.19 shows the changes in k/kf and percentage enhancement in thermal conductivity
in the liquid state, as a function of nano-inclusion concentration (in vol. % = ϕ × 100 %, ϕ
being vol. fract.), for the LA-based PCMs loaded with CBNP nano-inclusions. It can be seen
from Fig. 5.19 that thermal conductivity enhancement increased with loading concentration.
For CBNP loaded PCMs, thermal conductivity enhancement increased from ~ 3.6 % to 17.6
%, when the loading concentration was varied from 0.5 wt. % (ϕ = 0.042) to 4.0 wt. % (ϕ =
0.268). With increasing loading, a greater number of aggregates are formed and these
aggregates grow in size, leading to improved contact between the nano-inclusions within an
aggregate, as the radius of gyration of the aggregates are significantly larger than the
dimensions of individual nano-inclusions [342]. This caused the thermal conductivity to
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enhance with increasing loading concentration. Figs 5.19 also shows the theoretical thermal
conductivity enhancement curves, obtained from the classical Maxwell-Garnet (MG) [364]
and Hamilton-Crosser (HC) [366] models. It is evident from Fig. 5.19 that the experimental
data were systematically higher than the theoretically estimated thermal conductivity values,
which indicated the formation of nano-inclusion aggregates in the liquid state due to van der
Waal’s interaction [289]. It must be further noted from Fig. 5.19 that the mismatch between
the theoretical and experimental data were less significant for the calculations based on HC
model, which was attributed to the incorporation of particle shape factors into the calculations
[38]. Formation of larger sized aggregates with enhanced liquid layering around the nanoinclusions caused the deviations between the experimental and theoretical data to increase at
higher loading concentrations, as observed from Fig. 5.19, for the PCMs loaded with CBNP
nano-inclusions [512].

Figure 5.19 Variations of k/kf and percentage enhancement in thermal conductivity in the
liquid state, as a function of concentration (in vol. fraction, ϕ), for the LA-based PCMs
loaded with CBNP nano-inclusions. The theoretical thermal conductivity enhancement curves
obtained from the classical Maxwell-Garnet (MG) and Hamilton-Crosser (HC) models are
also shown.
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The variations of k/kf and percentage enhancement in thermal conductivity in the solid state,
as a function of loading for CBNP nano-inclusions is shown in Fig. 5.20. For the PCMs
loaded with CBNP nano-inclusions, thermal conductivity enhancements increased from ~
132.8 % to 195.0 %, when the loading was increased from 0.5 to 3.5 wt. %. However, at the
highest loading concentration of 4.0 wt. %, thermal conductivity enhancement decreased to ~
167.2 %, which was attributed to the increased phonon scattering due to the formation of
larger nano-clusters, which were not well dispersed and prone to sedimentation, as
subsequently discussed. It can be seen from Fig. 5.20 that in the cases of the PCMs loaded
with CBNP nano-inclusions, k/kf increased linearly with loading concentration up to 3.5 wt.
%. The linear regression analysis (Adj. R2 ~ 0.96) is also shown in Fig. 5.20. Harish et al.
[65] reported a linear increase of k/kf with increasing loading concentration, in the solid state,
for LA based PCMs loaded with graphene nanoplatelets, which formed quasi-2D fractal
network during freezing, similar to the percolation network formed by the CBNP nanoinclusions.
Prasher et al. [342] reported that thermal conductivity of nanofluid initially increases with
aggregate size due to the formation of a percolating network and thereby, attains an optimal
value for the well-dispersed aggregates, beyond which, thermal conductivity decreases for
larger aggregates. Similar decrease in thermal conductivity enhancements for higher loading
has been experimentally demonstrated for various organic PCMs, including n-hexadecane,
paraffin wax and phenol-water systems [215-217, 237]. As described earlier, the nanoinclusion aggregates consisted of a nearly continuous back-bone and randomly placed deadends [341]. Thermal conductivity enhancement is primarily aided by the effective percolating
heat transfer through the back-bone networks and the dead-ends, whose average population
increases with aggregate size, did not contribute effectively towards thermal conductivity
enhancement.
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Figure 5.20 Variations of k/kf and percentage enhancement in thermal conductivity in the
solid state, as a function of concentration (in wt. %), for the PCMs loaded with CBNP nanoinclusions. For the CBNP loaded PCMs, thermal conductivity enhancements increased
linearly with concentration and the linear regression analysis (Adj. R2 ~ 0.96) is shown in the
figure.

This resulted in the near saturation or decrease in thermal conductivity at higher loading
concentrations, for the PCMs loaded with CBNP nano-inclusions. Additionally, as these
nano-aggregates grow in size, surface roughness increases leading to enhanced phonon
scattering from the aggregate/aggregate and aggregate/PCM interfaces, as predicted from
diffuse mismatch model of phonon scattering [443], resulting in a negative thermal
conductivity enhancement at higher loading.
To probe the microstructural evolution and to obtain insight into the microscale aggregation
phenomena, optical phase contrast microscopy was performed and Fig. 5.21 shows a few
typical images for the CBNP loaded PCMs, respectively, where particle loading was varied.
Figs. 5.21a-f show the phase contrast microscopy images of pristine PCM and PCMs loaded
with 0.5, 1.5, 2.5, 3.5 and 4 wt. % CBNP nano-inclusions, respectively, in the solid state. The
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evolution of the microstructure with increasing loading is evident from the phase contrast
microscopy images. With increasing loading concentration, the size of the aggregates
increased progressively with decreasing inter-aggregate spacing. During solidification, the
nano-inclusions are driven towards the inter-crystallite spacing and forms “nano-rich” regions
[65], that subsequently forms a quasi-2D percolating network spanning over the entire host
matrix, as seen from the optical phase contrast microscopy images. Further, the needle like
microstructure of the solidified PCM host matrix is clearly discernible from the phase
contrast microscopy images (Fig. 5.21a). Formation of such needle like microstructure during
solidification of pristine LA has been earlier reported using scanning electron microscopy
[65]. It was observed that the needle like microstructure is largely retained during freezing of
the LA based PCMs loaded with varying concentrations of nano-inclusions (Figs. 5.21b-f).
In the present study, the highest thermal conductivity enhancement of ~ 195% was achieved
for 3.5 wt. % CBNP loading. The higher thermal conductivity enhancement for CBNP
loading was attributed to its high compressibility, excellent volume filling capability and
fractal nature of the aggregates [236, 477]. CBNP forms aciniform aggregates consisting of
primary nodules of carbon black nanoparticles [407]. The low fractal dimension of CBNP
aggregates leads to the formation of percolating networks with improved aggregate-aggregate
and aggregate-PCM interfacial interactions, that reduces interfacial phonon scattering and
Kapitza resistance [431, 432]. This is expected to give rise to the high thermal conductivity
enhancements in the cases of the PCMs loaded with CBNP nano-inclusions. Table 5.8 shows
a few thermal conductivity enhancement values from literature for LA based PCMs loaded
with various types of nano-inclusions along with the corresponding loading concentrations
[65, 248, 250, 282-284, 523]. It is evident from Table 5.8 that the highest thermal
conductivity enhancements achieved in the present study (i.e. ~ 195 and 178 % for CBNP
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and MWCNT loaded PCMs, respectively) were substantially higher than those obtained using
other types of carbon based nano-inclusions.

Figure 5.21 Optical phase contrast microscopy images of the (a) pristine PCM and PCMs
loaded with (b) 0.5, (c) 1.5, (d) 2.5, (e) 3.5 and (f) 4 wt. % CBNP nano-inclusions, in the
solid state.
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Table 5.8 Enhancement in thermal conductivity (in the solid state) for LA based PCMs
upon loading with different nano-inclusions. SWCNH, CBNP and MWCNT indicate
Single walled carbon nano horn, carbon black nano powder and multiwalled carbon
nanotubes, respectively.
Nano-inclusion

Concentration

Expanded perlite
Activated carbon

10 wt. %
100 g LA + 300 g
activated carbon
2 vol. %
1 vol. %

SWCNH
Graphene
nanoplatelets
Expanded
vermiculite
Modified sepiolite
Porous deep
carbonized wood
Porous shallow
carbonized wood
CBNP
MWCNT

Thermal conductivity
enhancement in solid state
86 %
57 %

Year

Reference

2009
2012

[282]
[248]

37 %
127 %

2015
2015

[250]
[65]

10 wt. %

78 %

2016

[284]

40 wt. %

79 %

2017

[283]

~ 19 wt. %

-6 %
-20 %

2019

[523]

3.5 wt. %

~ 195 %

2019

3.5 wt. %

~ 178 %

2019

Present
study
Present
study

However, Feng et al. [68] reported ~ 257 % enhancement in thermal conductivity for LA
encapsulated within single walled carbon nanotubes (SWCNT). Nevertheless, in the present
study, CBNP and MWCNT nano-inclusions were used without any chemical treatment or
complicated sample preparation steps, like vacuum impregnation or encapsulation, which
makes the process ideal for rapid industrial adaptation. Further, it can be seen from Table 5.8
that the loading concentrations were significantly lower in the present case, as compared to
the other cases. This is found to be advantageous from storage efficiency as well as
economical points of view, as lower concentration of nano-inclusion is favourable for higher
latent heat during phase transition and lower cost, respectively. High thermal conductivity
enhancement along with low density (~ 0.1 g/cc) and low cost of CBNP nano-inclusions are
immensely beneficial for practical applications in thermal energy storage systems.
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Superior thermal stability and repeatable thermal responses of the nano-inclusion loaded
PCMs are essential for practical thermal energy storage applications. To probe the thermal
stability of the PCMs, with or without nano-inclusion loading, differential scanning
calorimetry studies were carried out after 100 successive thermal cycles. Figs. 5.22a-b show
the heat flow curves in the virgin condition and after 100 thermal cycles for the pristine PCM
and PCMs loaded with 2 wt. % of CBNP nano-inclusions, respectively. It can be clearly seen
from Figs. 5.22a-b that the heat flow curves are single endotherms in all the cases, indicating
a prominent first order solid-liquid phase transitions without any secondary transitions. The
peak phase transition temperatures and latent heat values were computed from the heat flow
curves and the numerical values are shown in Table 5.9.

Table 5.9 Peak phase transition temperature and latent heat values for the PCMs (with
or without loading with CBNP nano-inclusions) in the virgin condition and after 100
thermal cycles.
PCM material

LA
2 wt. % CBNP @ LA

Peak phase transition
temperature (0C) (± 0.1 0C)
Virgin
After 100
condition
cycles
45.4
44.8
45.5
44.9

Latent heat (kJ/kg)
(± 0.4 kJ/kg)
Virgin
After 100
condition
cycles
151.6
146.9
142.6
139.6

It can be seen from Table 5.9 that the peak phase transition temperature remained unchanged
even after 100 thermal cycles, indicating excellent thermal stability of LA based PCMs
loaded with CBNP and MWCNT nano-inclusions. Using thermogravimetric analyses, it has
been reported that LA based PCMs remain thermally stable up to ~ 150 0C [281]. Table 5.9
also showed a slight decrease in latent heat values after 100 thermal cycles (~ 3.1 and 2.1 %
for the pristine PCM and PCMs loaded with 2 wt. % of CBNP nano-inclusions, respectively).
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This showed excellent heat storage capacity of the LA based PCMs even after repeated
thermal cycles, indicating its suitability for industrial applications.

Figure 5.22 Heat flow curves in the virgin condition and after 100 thermal cycles for the (a)
pristine PCM and (b) PCMs loaded with 2 wt. % of CBNP nano-inclusions. The peak phase
transition temperature and latent heat values were computed from the heat flow curves and
the numerical values are shown in Table 5.9.
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5.3.4 Arresting material leakage: LA-based form-stable PCM
To arrest material leakage, during solid-liquid phase transition, 25 wt. % chalk powder
(CaCO3) was added to LA to fabricate form-stable PCM. The conventional and form-stable
PCMs were placed on a hot-plate maintained at 50 0C, i.e. ~ 5 0C higher than the melting
point) and leakage testing was performed. Figs. 5.23a-b show the typical photographs of the
conventional and form-stable PCM loaded with 3.5 wt. % CBNP nano-inclusions,
respectively at time t = 0 s. Figs. 5.23c & e show the photographs of the conventional PCM
at time t = 60 and 300 s, respectively. Figs. 5.23d & f show the typical photographs of the
form-stable PCM at time t = 60 and 100 s, respectively. It can be clearly seen from Figs.
5.23a-f that significant leakage occurred from the conventional PCM, whereas material
leakage was minimal for the form-stable PCM. This was attributed to the capillary effect of
the porous structure of CaCO3, which retained the liquid LA within the exo-structure and
prevented leakage [248]. Fig. 5.23g show the side views of the conventional (left) and formstable (right) PCMs at time t = 300 s, where substantial leakage was seen from the
conventional PCM. The form-stable PCM, on the other hand, showed nearly zero leakage.
Figure 5.23h show the heat flow curves for the conventional and form-stable PCMs. The
peak phase transition temperatures were ~ 45.4 and 45.7 0C for the conventional and formstable PCMs, respectively. On the other hand, latent heat values were ~ 151.6 and 119.9
kJ/kg for the conventional and form-stable PCMs, respectively. This indicated ~ 21 %
decrease in latent heat on addition of 25 wt. % CaCO3 to the PCM host matrix, which did not
contribute to the latent heat storage. Nevertheless, the obtained latent heat value was high
enough for industrial applications [492]. Load bearing capacity of the form-stable PCMs
were verified by placing two lead bricks of mass 3.5 kg each and Figs. 5.23i-j show the
typical photographs. It was observed that the form-stable PCM retained its shape even after
subjecting to 7 kg load.
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Figure 5.23 Typical photographs of the (a) conventional and (b) form-stable PCMs at time t
= 0 s, when placed on a hot plate maintained at ~50 0C. Typical photographs of (c)
conventional and (d) form-stable PCMs at time t = 60 s. Typical photographs of (e)
conventional and (f) form-stable PCMs at time t = 100 s. (g) Side view of the conventional
(left) and form-stable (right) PCMs at time t = 300 s. (h) Heat flow curves of the conventional
and form-stable PCMs. Load bearing capacity of the form-stable PCM under (i) 3.5 kg and (j)
7.0 kg loads.

5.3.5 CBNP assisted enhancement of photo-thermal conversion in LA-based PCMs
To probe the photo-thermal conversion efficiency of the LA based PCMs loaded with CBNP
nano-inclusion, experiments were performed in the present study, where the nano-inclusion
loaded PCMs were exposed to artificial solar irradiation using two 1 kW halogen lamps and
non-contact temperature measurement was performed using infrared thermography. The
experimental protocol and a typical photograph of the experimental set-up is described in
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chapter 2. Figs. 5.24a-b show typical infrared images of the PCM loaded with 3.5 wt. %
CBNP nano-inclusions for time t = 100 and 500 s. It can be clearly seen from the infrared
images that temperature of the nano-inclusion loaded PCMs increased with time, under
irradiation from the halogen lamps. Mean temperature was determined from spatial averaging
over several pixel locations and Fig. 5.24c shows the typical heating and subsequent cooling
curves for the PCM loaded with 3.5 wt. % of CBNP nano-inclusions. Initially the sample was
thermally acclimatized at T = 20 (±1) 0C and thereafter, exposed to the artificial solar
irradiation for 515 s followed by natural cooling up to 2530 s. The sample temperature
increased monotonically during the heating stage and CBNP nano-inclusions aided in the
conversion of solar energy to thermal energy, which was then stored within the PCM. When
the artificial solar irradiation was switched off, the sample temperature started to decrease
and showed a wide plateau region near the phase transition point (~ 45 0C), where thermal
energy was extracted from the PCM. The freezing process was completed after ~ 1200 s and
the temperature of the solidified PCM is found to decrease rapidly and finally attained the
surrounding temperature (~ 20 0C) in ~ 1500 s. This study clearly demonstrates the photothermal conversion capability of CBNP loaded PCMs. Fig. 5.24d shows the temperature rise
(ΔT = T – 20 0C) curves for the PCM loaded with 1, 2, 3 and 3.5 wt. % CBNP nanoinclusions. For comparison, temperature rise curve for the pristine PCM, without any nanoinclusion loading, is also shown in the figure. The shaded region in Fig. 5.24d indicates the
phase transition region. For the CBNP loaded PCMs, temperature rise was measured up to
515 s, whereas for the pristine PCM, temperature rise was measured up to 600 s to allow for
the completion of the phase transition.
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Figure 5.24 Typical infrared images of the PCM loaded with 3.5 wt. % CBNP nanoinclusion at time t = (a) 100 and (b) 500 s during the heating stage, under artificial solar light
irradiation. (c) Typical photo-thermal heating and subsequent natural cooling curves for the
PCM loaded with 3.5 wt. % of CBNP nano-inclusions. (d) Temperature rise (ΔT = T – 20 0C)
curves for the PCM loaded with 1, 2, 3 and 3.5 wt. % CBNP nano-inclusions. For
comparison, temperature rise curve for the pristine PCM, without any nano-inclusion loading,
is also shown. The shaded region indicates the phase transition region. (e) The initial rates of
temperature rise as a function of CBNP loading. (f) Bar chart showing the percentage
enhancement in photo-thermal conversion efficiency as a function of CBNP loading
concentration.

It can be seen from Fig. 5.24d that the initial rates of temperature increase and the maximum
increase in sample temperature, during a given time duration, were larger at higher loading
concentrations. These observations were in agreement with the temperature rise curves
reported earlier for paraffin wax based PCMs and aqueous nanofluids loaded with CBNP
nano-inclusions [47, 217]. The maximum temperature rise at 515 s were ~ 19.4 ± 0.2, 26.8 ±
0.3, 39.1 ± 0.4, 48.1 ± 0.5 and 55.4 ± 0.5 0C for the pristine PCM and PCMs loaded with 1, 2,
3 and 3.5 wt. % of CBNP nano-inclusions, respectively. The initial rates of temperature rise
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under adiabatic limit indicated the efficiency of photo-thermal conversion and (

dT
dt

)
t 0

values were experimentally determined from linear regression analyses of the temperature
rise curves [217]. Fig. 5.24e show the initial rates of temperature rise as a function of CBNP
loading. It was observed from Fig. 5.24e that photo-thermal conversion efficiency increased
with CBNP loading. The initial rates of temperature rise were ~ 0.064 ± 0.003, 0.081 ± 0.002,
0.098 ± 0.003, 0.130 ± 0.003 and 0.150 ± 0.002 0Cs-1 for the pristine PCM and PCMs loaded
with 1, 2, 3 and 3.5 wt. % CBNP nano-inclusions, respectively. The photo-thermal
conversion efficiency was found to increase linearly with CBNP loading concentration and
the linear regression analysis is also shown in Fig. 5.24e. The adj. R2 was found to be ~ 0.99,
indicating good agreement with the linear model. The linear increase in photo-thermal
conversion efficiency was found to be in agreement with earlier measurements reported for
paraffin wax based PCMs and nanofluids loaded with CBNP nano-inclusions [217, 516]. Fig.
5.24f shows a bar-chart comparing the enhancement in photo-thermal conversion (in %), as a
function of CBNP loading concentration, where it can be seen that photo-thermal conversion
efficiency enhanced with increasing CBNP loading. The enhancements in photo-thermal
conversion efficiency were ~ 26.6 ± 2.5, 53.1 ± 2.5, 103.1 ± 2.6 and 134.4 ± 2.5 % for the
PCMs loaded with 1, 2, 3 and 3.5 wt. % of CBNP nano-inclusion.
The extinction coefficient of the nano-inclusion loaded PCM is independent of particle
concentration and varies with the wavelength of the incident radiation and complex refractive
index of the PCM matrix [518]. On the other hand, extinction efficiency (QCBNP) of the
CBNP nano-inclusions is the sum total of the absorption (QA-CBNP) and scattering (QS-CBNP)
efficiencies [519, 520]. For a constant value of the medium dielectric constant and incident
wavelength, the Mie extinction efficiency increases with the size of the carbon nano-spheres
[521]. Optical phase contrast microscopy images clearly indicated an increase in the
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aggregate size with increasing CBNP nano-inclusions (see Figs. 5.21a-f), which resulted in
intense multiple Mie scattering of the incident solar radiation, leading to an augmentation of
the extinction efficiency within the nano-inclusion loaded PCMs. The absorbed solar energy
was subsequently converted to thermal energy that caused an enhancement of photo-thermal
conversion efficiency with increasing CBNP loading, as observed from Fig. 5.24f.

5.4 Summary and conclusions
Thermal conductivity enhancements during liquid-solid phase transitions in paraffin wax
(PW), binary mixture of paraffin wax and hexadecane (PW-HD) and lauric acid loaded with
various concentrations of carbon black nanopowder (CBNP) of primary size ~ 30 nm were
experimentally studied. Differential scanning calorimetry studies showed that the liquid-solid
phase transition temperatures (and the associated latent heat values) for PW and PW-HD
based PCMs are ~ 60.1 and 45.9 0C (125.85 and 44.89 kJ/kg), respectively. It was further
observed, that peak phase transition temperature remained almost constant, whereas latent
heat decreased slightly for the PCMs incorporated with increasing concentrations of CBNP,
which was attributed to the exclusion of significant volume of host matrix on higher loading.
Similarly, for CBNP loaded lauric acid based PCMs, differential scanning calorimetry results
also indicated that the phase transition temperature remained almost constant with increasing
CBNP loading. On the other hand, latent heat values decreased slightly, which was attributed
to the reduction in LA concentration. Differential scanning calorimetry further revealed that
the phase transition temperature of pristine lauric acid was ~ 45.4 ± 0.1 0C and the associated
latent heat value was ~ 151.6 ± 0.4 kJ/kg. Phase transition temperatures were also evaluated
using the refractive index measurement and infrared thermography (IRT) based non-contact
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temperature monitoring, where it was observed that the phase transition temperature obtained
from the above-mentioned three methods were in good agreement with each other.
Upon incorporation of CBNP in the host matrices, an enhancement in thermal conductivity
was observed, which was more significant in the solid state. The maximum thermal
conductivity enhancements with 2.5 wt. % CBNP loading were ~ 135 and 141 % for PW and
PW-HD based PCMs, respectively, which were found to be significantly higher than the
earlier reported values achieved by incorporating various carbon based and metallic nanofillers. Similarly, for CBNP loaded lauric acid based PCMs, the maximum thermal
conductivity enhancements was ~195 % for a loading concentration of 3.5 wt. %, which was
found to be significantly higher than the earlier values reported in literature. The higher
thermal conductivity enhancement was attributed to the efficient percolating heat transfer
through the quasi-2D networks of CBNP nano-inclusions, formed during freezing of the host
matrices. The lower primary nodule size, high compressibility and volume filling capacity of
CBNP resulted in the formation of more closely packed aggregates with improved aggregateaggregate and aggregate-PCM contacts, which aided in lowering the thermal barrier
resistance, thereby augmenting phonon mediated heat conduction and near-field radiative
heat transfer efficiency, which caused an overall enhancement in thermal conductivity of the
nano-inclusion loaded PCMs. Time-stamped optical phase contrast video microscopy
provided direct experimental proof for the formation of such percolation network within the
PCM host matrix during liquid-solid phase transition. For the paraffin wax based PCMs, the
thermal conductivity enhancement in the solid state was comparable to the theoretically
obtained values from logarithmic heat conduction model, which further confirmed the
percolative heat transfer. On the other hand, experimental finings indicated that, in the solid
state, thermal conductivity enhancement increased linearly with particle concentration for the
CBNP loaded lauric acid-based PCMs.
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Infrared thermography based non-contact temperature monitoring was performed to estimate
the gain in cooling time and obtained results indicated ~ 82 and 100 % gain in cooling time
for PW and PW-HD based PCMs, respectively. The enhancements in heat transfer rates, in
the solid state showed a reduction in charging time by ~ 17.3 and 16.2 % for PW and PW-HD
based PCMs, respectively, loaded with 2.5 wt. % CBNP. The cooling time was also estimated
for the LA based PCM and it was observed that the gain in cooling time was ~ 221 %.
Repeated thermal cycling showed good thermal stability of the PCMs, with or without nanoinclusions. It was further observed that the CBNP loaded PCMs showed negligible
degradation in latent heat after 100 thermal cycles. The latent heat values were found to
decrease by ~ 2.1, 1.8 and 2.1 % for PW, PW-HD, and lauric acid-based CPMs, respectively,
after 100 thermal cycles.
Further, an increase in photo-thermal conversion efficiency with increasing CBNP loading
was observed, which was attributed to the enhancement in total extinction coefficient of the
incident solar radiation due to intense Mie scattering by the micron sized clusters of CBNP.
The maximum enhancement in photo-thermal conversion efficiency of PW based PCM
loaded with 2.5 wt. % CBNP was ~ 84 %. For the LA based PCM loaded with 3.5 wt. %
CBNP nano-inclusions, the maximum enhancement in photo-thermal conversion was ~ 134
%.
Addition of porous calcium carbonate (25 wt. %) to the lauric acid-based PCM host matrix
arrested the leakage during phase transition. The form-stable PCMs showed negligible
leakage up to 300 s when subjected to a constant temperature of ~ 50 0C (i.e. 5 0C higher than
the melting temperature). However, the latent heat is found to have decreased by ~ 21 % in
the form-stable PCMs, with a good load bearing capacity of ~ 7 kg.
High thermal conductivity of the CBNP loaded paraffin wax and lauric acid-based PCMs,
low density of CBNP, one-step sample preparation without any functionalization or
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encapsulation steps, abundant availability and low cost of CBNP and the host matrix, make
CBNP loaded paraffin wax and lauric acid-based PCMs economically viable candidates for
practical thermal energy storage systems. Moreover, superior thermal and chemical stability,
combined with high latent heat, thermal conductivity and photo-thermal conversion
efficiency of CBNP loaded PCMs may pave the way for fabrication of portable, low cost and
self –sustainable solar-thermal battery packs.
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Development of binary form-stable PCM using palmitic acid
and n-hexadecane

6.1 Introduction
Material loss due to leakage during phase transition of organic phase change materials
(PCMs) have been one of the primary challenges for gainfully employing such materials in
real-life applications. On solid-liquid phase transition, the liquid constituents of a PCM
assembly posses several technical problems, viz. leakage from the container, increased
pressure on the container leading to bulging or rupture, undesired direct contact with the
environment, sedimentation of nano-inclusions leading to phase separation, non-congruent
phase transition during the successive thermal cycles and progressively increasing loss of
latent heat storing PCM matrix due to non-reversibility of freezing/melting process of the
entire PCM matrix [1, 4]. To overcome the difficulties associated with leakages, form-stable
PCMs are being developed using various methods [219, 220]. Form-stability in PCMs is
primarily achieved by two techniques, viz, micro-encapsulation and preparation of shapestable PCM fabrication [1]. Microencapsulation cab be achieved by various chemical
methods, viz. coacervation [254-256], suspension polymerization for non-polar PCMs [257],
emulsion polymerization [258, 259], polycondensation [260-262] and polyaddition [263].
Though it is possible to prepare microencapsulated PCMs with desired size distribution, shell
thickness and morphology, the involved chemical processes are comparably complex and
time consuming [1]. Alternatively shape-stable PCMs have been prepared by impregnating a
graphite or polymer matrices [1]. However, the latent heat of such shape stable PCMs were
slightly lower than the latent heat values of pristine fatty acids [1]. In general, it is observed
that latent heat proportionally decreases with increasing concentration of the supporting
material [1, 4]. This calls for further studies on development of form-stable PCMs with
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higher latent heat energy storage capability. Moreover, the phase transition temperature needs
to be tuned within 15-25 0C for various room temperature applications.
With this objective, binary shape-stable PCMs were developed using palmitic acid (PA) and
n-hexadecane (HD), with a phase transition temperature in the range of 14-19 0C, without
compromising the latent heat value. Upon loading with various concentrations of carbon
black nano powder (CBNP), the shape-stable PCM showed significant enhancement in
thermal conductivity.

6.2 Preparation of shape-stable PCM and loading with CBNP nano-inclusions
Biphasic mixture of hexadecane and palmitic acid (24 wt. % PA/HD composition) was
prepared by mixing 3.5 ml of HD in 1ml of PA. While mixing, the temperature of PA was
maintained at ~ 65 ± 2 0C and HD was slowly added in the liquid state with magnetic stirring
for 20 minutes. This was followed by a water bath sonication for 20 min at ~ 48 ± 2 °C.
Finally, the mixture was allowed to cool at ~ 15 ± 2 0C for preparing the shape-stable PCMs.
The phase transition temperature and latent heat values were estimated from differential
scanning calorimetry studies. Further for thermal conductivity enhancement, carbon black
nanopowder (CBNP) of size ~ 30 nm, was added to the shape stable PCM. The CBNP nanoinclusion was dispersed in the continuous phase of the PCMs, in the liquid phase, by water
bath sonication with bath temperature maintained at ~ 65 ± 2 0C. Thereafter the PCM was
rapidly cooled at ~ 15 ± 2 0C for solidification. Five different loading concentrations were
used, viz. 0.005, 0.01, 0.05, 0.075 and 0.1 wt. %. The water bath sonication time was
increased from 20 to 50 minutes for higher CBNP loading to ensure thorough and
homogenous distribution of the CBNP nano-inclusions within the PCM host matrix. Thermal
conductivity enhancements were measured using a KD2 probe (detailed description provided
in chapter 2). To probe microscale aggregation phenomena optical phase contrast microscopy
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was carried out at 10X magnification using an inverted phase contrast microscope (Carl
Zeiss) in the liquid and solid states of the PCMs with or without nano-inclusion loading.

6.3 Thermo-physical properties of the shape-stable PCMs
Figure 6.1 shows the Fourier transform infrared (FTIR) spectra of the palmitic acid,
hexadecane and PA-HD shape-stable PCM, where all the major absorption bands are indexed
and Table 6.1 shows the details [215, 216, 276, 411, 487]. It can be seen from Fig. 6.1 that
the shape-stable PCM showed all the absorption bands of the individual components. This
indicated the absence of any chemical reactions between the constituent elements and the
shape-stable PCM was formed due physical mixture of palmitic acid and hexadecane.

Figure 6.1 FTIR spectra of palmitic acid (PA), n-hexadecane (HD) and shape-stable PCM.
All the major absorption bands are indexed and Table 6.1 shows the details.
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Table 6.1 Detailed description of the FTIR absorption bands.
Legend

(a)
(b)
(c)
(d)
(e)
(f)
(g)
(h)
(i)

Wave
number
(cm-1)
2925
2843
2351
1700
1463
1370
1300
937
725

Description

Reference

Asymmetrical C-H stretch of CH2 group
Symmetrical C-H stretch of CH2 group
C=O stretching from atmospheric CO2
C = O stretching vibration
Asymmetric ‐CH3 bending
Symmetric -CH3 bending
In plane bending of O – H (hydroxyl group)
Out of plane bending of O – H (hydroxyl group)
C-H rocking vibration of long chain alkanes

[216, 411]
[216, 411]
[215, 216]
[487]
[216, 411]
[216]
[487]
[276]
[411]

Figure 6.2 FTIR spectra of the PA-HD shape-stable PCM loaded with carbon black
nanopowder (CBNP). For comparison, the spectra of the pristine PCM is also shown in the
figure. All the major absorption bands are indexed and Table 6.1 shows the details.

Figure 6.2 shows the FTIR spectra of the carbon black nanopowder (CBNP) loaded shapestable PCM. For comparison the spectra for the pristine shape-stable PCM is also shown in
Fig. 6.2. The major absorption bands are indexed and described in Table 6.1, where it can be
seen that the absorption bands were neither shifted, nor any new absorption bands were
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observed. This showed the absence of any chemical reaction between the CBNP nanoinclusions and the PCM host matrix [214, 235, 455].
Figures 6.3a-b show the heat flow curves for n-hexadecane and palmitic acid, respectively. It
can be seen from Figs. 6.3a-b that the heat flow curves consisted of pairs of single
endotherm/exotherm, indicating the solid-liquid phase transition in the corresponding
materials. The melting and solidification temperatures for n-hexadecane were found to be ~
19.3 and 14.5 0C, respectively. The corresponding latent heat values for the melting and
freezing were ~ 241.4 and 238.6 kJ/kg, respectively. On the other hand, the melting and
solidification temperatures for palmitic acid were ~ 62.5 and 58.5 0C, respectively. The
corresponding latent heat values were ~ 222.4 and 220.2 kJ/kg, respectively. The latent heat
and phase transition temperature values were in agreement with the earlier values reported in
literature [216, 218, 219, 237, 387, 428, 490, 491].

Figure 6.3 Heat flow curves for (a) n-hexadecane and (b) palmitic acid, obtained from
differential scanning calorimetry studies.
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Figure 6.4 shows the heat flow curve for PA-HD shape-stable PCM. It can be seen from Fig.
6.4 that the shape stable PCM showed two distinct phase transformation in the temperature
range of 0-80 0C. The smaller peaks indicated the melting of palmitic acid, which was shifted
to 45.2 0C from 62.5 0C (in the case of pure palmitic acid). The corresponding solidification
temperature was shifted to ~ 42 0C from 58.5 0C (in the case of pure palmitic acid). In the
case of shape-stable PCM, the melting and solidification temperatures corresponding to the
solid-liquid phase transition of palmitic acid were depressed by ~ 27.7 and 28.2 %,
respectively, which was attributed to the presence of hexadecane (with significantly lower
phase transition temperature) within the PCM host matrix. On the other hand, the larger peaks
in Fig. 6.4 signified the solid-liquid phase transition of hexadecane and the corresponding
melting and freezing points were ~ 19 and 14 0C, respectively, which were very close to the
melting and solidification temperatures (~ 19.3 and 14.5 0C, respectively) of pure hexadecane
(Fig. 6.3a). The latent heat values were estimated from the area under the heat flow curves.
In the case of shape-stable PCM, latent heat values corresponding to the melting and
solidification process of palmitic acid were ~ 26.8 and 29.2 kJ/kg, respectively. These values
were ~ 88 and 86.7 % lower than the corresponding latent heat values in the pure palmitic
acid. For the phase transition corresponding to the melting of hexadecane, within the matrix
of shape-stable PCM, the melting and solidification latent heat values were ~ 140 and 157
kJ/kg, respectively. Though these values were ~ 42 and 34.2 % lower than the corresponding
values for pure hexadecane, the latent heat values were sufficiently higher for industrial
applications [492]. Table 6.2 shows a few shape stable PCMs along with their melting and
solidification temperatures and latent heat values [282, 529-535]. It can be seen from Table
6.2 that the shape-stable PA-HD binary PCM, prepared in the present study showed very high
latent heat values as compared to the data available in the literature.
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Figure 6.4 Heat flow curve for the shape-stable PA-HD PCM, obtained from differential
scanning calorimetry studies.

6.4 CBNP assisted thermal conductivity enhancement in shape-stable PCM
Figure 6.5 shows the variation of k/kf and percentage enhancement in thermal conductivity
for the shape-stable PCM loaded with various concentrations of CBNP nano-inclusions. For
comparison, the variation for pristine PCM is also shown in the figure. It can be seen from
Fig. 6.5 that the variation of k/kf can be divided into 5 regions. For T> 43 0C, the sample was
macroscopically in the liquid state and this was indicated as region-I. For 36 0C < T < 43 0C,
the sample underwent a phase transition corresponding to the freezing of palmitic acid. This
region was indicated as region-II in Fig. 6.5. The region corresponding to 20 0C < T < 36 0C
was indicated as region-III, which was the intermediate region between the phase transitions,
where the sample was macroscopically in solid state. Region-IV indicated the first phase

259

Chapter 6
transition, corresponding to the freezing of hexadecane (for 12 0C < T < 20 0C). In region-V
(for T < 12 0C), the sample was in the solid state.

Table 6.2 Latent heat and phase transition temperature of a few shape-stable PCMs.
PCM

Melting
Melting Solidification Solidification Reference
temperature latent
temperature latent heat
0
( C)
heat
(0C)
(kJ/kg)
(kJ/kg)
n-octadecane~ 29.62
~ 45.97
~ 25.78
~ 43.85
[529]
polystyrene/expanded
~ 29.73
~ 72.38
~ 25.81
~ 67.46
graphite
~ 29.81
~ 80.20
~ 26.24
~ 75.16
Hexadecane
olefin
~ 16.6
~ 148
~ 4.8
[530]
block copolymer
Lauric-stearic
~ 34.0
~ 50.3
[531]
acid/gypsum
Paraffin/silica
~ 56.3
~165.2
[532]
ceramic
Lauric acid/expanded
~ 44.1
~ 93.4
~ 40.9
~94.8
[282]
perlite
Palmitic acid castor
~ 66.57
~ 141.2
~ 54.32
~ 137.1
[533]
oil form-stable PCM
Octadecane
~ 28.22
~ 67.91
~ 19.83
~ 65.32
[534]
encapsulated within a
~ 29.19
~ 84.37
~ 20.07
~ 82.15
carbonate shell
Hexadecane
~ 17.29
~ 98.08
~ 3.91
~ 96.49
[535]
microencapsulated
~ 18.23
~ 85.29
~ 3.99
~ 86.05
within phenolic resin
shell
Palmitic
acid~ 19.0
~ 140
~ 14
~ 157
Present
hexadecane
shapestudy
stable binary PCM

It can be seen from Fig. 6.5 that thermal conductivity enhanced upon loading with CBNP
nano-inclusions. It was further observed that the enhancements in thermal conductivity were
more prominent in the solid state, which was attributed to the formation of closely packed
nano-crystalline structures [237, 387], as discussed earlier in chapters 3-5. It can be further
seen from Fig. 6.5, that in the liquid region (region-I), thermal conductivity enhanced by ~
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1.54, 5.38, 7.69, 6.15 and 10.0 % for CBNP loading concentrations of 0.005, 0.01, 0.05,
0.075 and 0.1 wt. %, respectively.

Figure 6.5 Variation of k/kf and percentage enhancement in thermal conductivity of the
shape-stable PCM, upon loading with various concentrations of CBNP nano-inclusions. For
comparison, the variation for pristine PCM is also shown in the figure.

In the region-II (phase transition corresponding to palmitic acid), CBNP loading of 0.005,
0.01, 0.05, 0.075 and 0.1 wt. % caused thermal conductivity enhancements of ~ 64.6, 65.4,
70.0, 83.1 and 84.6 %, respectively. In region-III, thermal conductivity enhancements
decreased slightly and for an intermediate temperature of T = 30 0C, the enhancements in
thermal conductivity were ~ 19.2, 23.8, 24.6, 23.1 and 19.2 % for CBNP loading
concentrations of 0.005, 0.01, 0.05, 0.075 and 0.1 wt. %, respectively. In region-IV (phase
transition corresponding to hexadecane), thermal conductivity enhanced by ~ 150.0, 161.5,
168.5, 163.1 and 153.8 % for the shape-stable PCMs loaded with 0.005, 0.01, 0.05, 0.075 and
0.1 wt. % of CBNP nano-inclusions, respectively. In region-V, at T = 3 0C for shape-stable
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PCMs loaded with 0.005,0.01, 0.05, 0.075 and 0.1 wt. % of CBNP nano-inclusions, thermal
conductivity enhancements were ~ 76.9, 93.8, 115.4, 96.9 and 89.2 %, respectively.
During, freezing the nano-inclusions are pushed towards the intercrystallite spacing, thereby
forming a percolation network with high heat transfer efficiency, which ultimately leads to an
enhancement in thermal conductivity of the nano-inclusion loaded PCMs [215-218, 237,
387]. CBNP nano-inclusions form aciniform aggregates with very small primary nodule sizes
[407]. This enables formation of more tightly bound aggregates with augmented surficial
coupling along the percolation network [217, 218]. Superior compressibility and volume
filling capacity of CBNP nano-inclusions were also found to be beneficial towards thermal
conductivity enhancement of the nano-inclusion loaded PCMs [236, 431, 477]. The thermal
conductivity enhancement mechanism and synergistic effects of incorporation of CBNP
nano-inclusions, within the PCM host matrices, were discussed in detail in chapter 5.
Figures 6.6a-f show optical phase contrast microscopy images of the shape-stable PCM in
pristine condition and PCMs loaded with 0.005, 0.01, 0.05, 0.075 and 0.01 wt. % of CBNP
nano-inclusions, respectively. The phase contrast images were acquired in the solid state. Fig.
6.6a shows the presence of needle like microstructures within he PCM host matrix, which is
typical for hexadecane based PCMs [237, 387]. It can be seen from Figs. 6.6b-f that the
aggregate size increased and interaggregate spacing decreased with increasing CBNP nanoinclusions. Percolation heat transfer through a network of such tightly bound CBNP nanoclusters leads to an enhancement in thermal conductivity. The presence of needle like
microstructure in the PCM host matrix was also evident after 0.1 wt. % CBNP loading (Fig.
6.6f).
Figure 6.7 shows the variation of k/kf and percentage enhancement in thermal conductivity
of the shape-stable PCM, as a function of CBNP loading in the solid (T = 10 0C) and liquid
(T = 48 0C) states, respectively.
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Figure 6.6 Optical phase contrast microscopy images of (a) pristine shape-stable PCM; and
PCMs loaded with (b) 0.005, (c) 0.01, (d) 0.05, (e) 0.075 and (f) 0.1 wt. % CBNP nanoinclusions. The phase contrast images were acquired in the solid state.

It can be seen from Fig. 6.7 that thermal conductivity enhancements were substantially higher
in the solid state, which was in agreement with our earlier observations (Fig. 6.5). In the
liquid state, thermal conductivity enhanced from 1.54 % to 10.0 % when CBNP loading was
increased from 0.005 to 0.1 wt. %. On the other hand, in the solid state, thermal conductivity
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enhancement increased from 76.9 to 89.2 %, when CBNP loading was increased from 0.005
to 0.1 wt. %.

Figure 6.7 Variation of k/kf and percentage enhancement in thermal conductivity as a
function of CBNP loading for the shape-stable PA-HD binary PCM.

It can be further seen from Fig. 6.7, that thermal conductivity enhancement was not
monotonic in the solid state, i.e. initially thermal conductivity enhancement increased with
CBNP loading up to an optimal concentration and beyond that it decreased. With increase in
CBNP loading the aggregate size increased leading to a more compact and tightly bound
percolation path within the PCM host matrix that resulted in the initial increase in thermal
conductivity enhancements [217, 236]. However, at higher loading, beyond the optimal
concentration, the clusters grow in size and are not well dispersed, which caused a decrease
in thermal conductivity enhancement [218, 342], as seen in Fig. 6.7. Similar decrease in
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thermal conductivity at higher loading concentrations were earlier reported for palmitic acid
based PCMs loaded with multi-walled carbon nanotubes [218], hexadecane based PCMs
loaded with graphene nanoplatelets [387] and hexadecane based PCMs loaded with carbon
nanotubes [237]. Further, for larger sized aggregates at higher CBNP loading, the surface
roughness increased, which resulted in an increase in phonon scattering from the
aggregate/aggregate and aggregate/PCM matrix interfaces leading to a decrease in effective
thermal conductivity enhancement [215, 217]. In the present study, the maximum
enhancement in thermal conductivity was found to be ~ 115.4 % for a CBNP loading of 0.05
wt. % (optimal concentration).

6.5 Shape-stability of the PA-HD binary PCM loaded with CBNP nano-inclusions
To probe the shape-stability of the PA-HD binary PCM, experiments were performed, where
the shape stable PCM in pristine condition and after loading with 0.1 wt.% CBNP nanoinclusions were exposed to a steady temperature of T ~ 30 0C, i.e. in the intermediate region
(region-III) in Fig. 6.5. This environmental temperature was chosen in such a way, that it was
higher than the phase transition temperature of hexadecane and lower than the phasetransition temperature of palmitic acid. Time-stamped optical images were acquired to probe
the melting and subsequent material leakage. Fig. 6.8 shows the optical images for the shape
stability studies. For comparison, similar experiment was also performed for pure hexadecane
and the results are shown in Fig. 6.8. It can be seen from Figs. 6.8a-e that pure hexadecane
progressively melted with time when exposed to an environmental temperature of T ~ 30 0C.
The optical images clearly showed the melting and subsequent material leakage. On the other
hand, no such macroscopic melting and material leakage was discernible in the case of the
PA-HD binary shape stable PCM, with or without CBNP loading (Figs. 6.8f-j). This
confirmed the shape-stability of the PA-HD binary PCM.
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When exposed to an environmental temperature of T ~ 30 0C, the hexadecane melts within
the PCM host matrix, but it remained confined within the solid structure of palmitic acid,
whose melting point was ~ 42-45 0C. Hence, the prepared PA-HD binary PCM exhibited
excellent shape-stability within a temperature a range of 3-30 0C, which is highly beneficial
for various practical applications like domestic refrigeration, building thermo-regulation and
room-temperature thermal energy storage.

Figure 6.8 Testing of shape-stability of PA-HD binary PCM. Typical images of pure
hexadecane PCM, maintained at T ~ 30 0C, at time t = (a) 0, (b) 4, (c) 8, (d) 12 and (e) 16
minutes. Material leakage is evident from the pure hexadecane PCM. Typical images of PAHD binary shape-stable PCM in the pristine condition and upon loading with 0.1 wt. %
carbon black nanopowder (CBNP, in short CB in the figures), maintained at T = 30 0C, at
time t = (f) 0, (g) 4, (h) 8, (i) 12 and (j) 16 minutes. No material leakage was discernible in
the case of the shape-stable PCM.
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6.6 Summary and conclusions
Biphasic mixture of hexadecane and palmitic acid (24 wt. % PA/HD composition) was
prepared by mixing 3.5 ml of HD in 1ml of PA. The binary PCM showed two distinct phase
transitions at T ~ 14-19 0C (corresponding to the phase transition of hexadecane) and at T ~
42-45 0C (corresponding to the phase transition of palmitic acid). Further the melting and
solidification latent heat values corresponding to the hexadecane phase transition were ~ 140
and 157 kJ/kg, respectively, which were found to be among the highest in literature for
shape-stable PCMs. Upon loading with carbon black nanopowder (CBNP), the shape stable
PCM showed significant enhancement in thermal conductivity, which was more prominent in
the solid state. In the solid state, thermal conductivity enhancement increased from 76.9 to
89.2 %, when CBNP loading was increased from 0.005 to 0.1 wt. %. Further, thermal
conductivity enhancement in the solid state initially increased with CBNP loading up to an
optimum concentration and beyond that it decreased due to the formation of larger sized
aggregates. The optimum concentration in the present case was found to be ~ 0.05 wt. % and
the maximum enhancement in thermal conductivity was ~ 115.4 %. The PA-HD binary PCM
showed excellent shape-stability up to 30 0C and no material leakage was discernible. For
temperature beyond 19 0C, the hexadecane component melted but remained confined within
the solid structure of palmitic acid, which showed a solid-liquid phase transition around 4245 0C. The high thermal conductivity enhancement, augmented shape stability over a
temperature range of 3-30 0C and extremely high latent heat storage capacity make CBNP
nano-inclusion loaded PA-HD binary shape-stable PCMs ideal candidates for various
practical applications, domestic refrigeration, building thermo-regulation and roomtemperature thermal energy storage.
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7.1 Summary and conclusions
Effective conservation, storage and management of renewable energy sources and energy
harvesting are essential to close the gap between the supply and demand of energy. In this
context, intermediate storage of solar energy, waste heat recovery from industrial processes
and thermoregulation in buildings using latent heat thermal energy storage system is one of
the most prudent approaches. In spite of immense industrial benefits of thermal energy
storage using organic phase change materails (PCMs), inherently low thermal conductivity
and material leakage during phase transition are the two major drawbacks of such PCMs. In
this thesis, concentrated efforts are made to probe the role of surface functionalization of
nano-inclusions, particle loading, cluster formation and nature of nano-inclusions on thermal
conductivity enahncment in PCMs. Also photo-thermal conversion efficiency and shapestability of PCMs were demonstrated. The major conclusions are summarized below.
Thermal conductivity enhancements across the liquid-solid phase transition of hexadecanebased PCM, incorporated with six different nano-inclusions, viz. CBNP, NiNP, CuNP,
AgNW, MWCNT and GNP were systematically probed. Incorporation of nano-inclusions
caused a significant enhancement in thermal conductivity of the PCMs in the solid state, due
to the formation of nano-crystalline phase on solidification, consisting of needle like
microstructure, which was confirmed from optical phase contrast microscopy. In the solid
state, the nano-inclusions were squeezed towards the inter-crystallite grain boundaries,
forming a quasi 2D network of percolating structures with high thermal transport efficiency
due to the enhancement of phonon mediated heat transfer and near-field radiative heat
transfer along the thermal trajectories. For the PCM loaded with CBNP, CuNP, MWCNT and
GNP nano-inclusions, thermal conductivity enhancements increased with concentration of the
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nano-inclusions due to the formation of larger-sized aggregates with improved conduction
path. On the other hand, for the PCM loaded with NiNP and AgNW, thermal conductivity
decreased at higher concentrations of the nano-inclusions, due to the formation of larger
aggregates, which were prone to sedimentation. Among the carbon-based nano-inclusions,
the highest enhancement in thermal conductivity was obtained for the PCM loaded with
CBNP nano-inclusions, which was attributed to the low fractal dimensions and volume filling
capacity of CBNP aggregates with efficient phonon coupling. In the case of metallic nanoinclusions, the highest thermal conductivity enhancement was obtained for the PCM loaded
with AgNW nano-inclusions, which was attributed to the large aspect ratio of AgNW.
Experimental findings indicated that surface functionalization of the GNP nano-inclusions
with oleic acid resulted in better thermal stability of the nano-inclusion loaded PCM, without
significant reduction in thermal conductivity, which is beneficial for practical applications.
The carboxylic group of oleic acid was bound to the nano-inclusions, whereas, the long
aliphatic chain was extended into the non-polar matrix of hexadecane (PCM), thereby
providing additional steric stability, that prevented formation of large and unstable
aggregates, at higher loading concentration or after repeated thermal cycling, which was also
confirmed from optical phase contrast microscopy images. Increased interfacial thermal
resistance, for the surface functionalized nano-inclusions, was also studied theoretically and
the theoretical and experimental results were found to be in good agreement.
The phase transition temperature of the phenol-water system was tuned by adjusting the
phenol-water ratio. Incorporation of α-Al2O3, SiO2, hydrophobic SiO2 and TiO2 nanoinclusions to the PCM caused an enhancement in thermal conductivity. With α-Al2O3, SiO2
and hydrophobic SiO2 inclusions, thermal conductivity enhancement increased with
concentration due to the formation of larger aggregates at higher concentrations. Atomic
force microscopy images confirmed increased contact area between the closely packed larger
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aggregates at higher concentrations, which resulted in a decreased interfacial resistance,
thereby aiding in efficient heat transfer. Thermal conductivity enhancement for the PCM
incorporated with hydrophobic SiO2 was found to be lower, as compared to the PCM loaded
with hydrophilic SiO2, which was attributed to the higher interfacial resistance of the
hydrophobic nano-inclusion/PCM interface. On the other hand, in the case of TiO2 nanoinclusions, thermal conductivity enhancement increased up to a certain concentration (3 wt.
%) and beyond that, it decreased, possibly due to the higher aggregation probability of TiO2.
Addition of 0.02 and 0.04 wt. % of CBNP increased the thermal conductivity enhancement to
44.7 and 45.9 %, 41.7 and 45.3 % for PCM loaded with 4 wt. % of α-Al2O3 and 3 wt. % of
SiO2, respectively. The synergetic enhancement was attributed to the fractal nature of the
CBNP aggregates, which acts as volume filling agents, increasing the efficiency of the
thermal trajectories. The phase transition temperature of palmitic acid (PA)-di-methyl
formamide (DMF)-based PCM was tuned from ~ 61 to 31 0C by varying the PA-to-DMF
ratio. DFT based theoretical studies were carried out to understand the PA-DMF complex
formation and the same was verified using FTIR spectroscopy. DSC studies were carried out
to probe the variations in phase transition temperature and latent heat values with increasing
DMF concentration. PA-DMF composite PCM with 50.5 wt. % DMF was chosen due to its
higher thermal conductivity in the solid state and phase transition temperature ~ 36 0C, which
is ideal for various practical applications. Studies revealed large thermal conductivity
enhancement in the solid state and phase transition region upon loading with of α-Al2O3,
GNP, MWCNT and CBNP nano-inclusions. Obtained results indicated that significant
thermal conductivity enhancement was achieved using CBNP nano-inclusions (~ 67 and 153
% in the solid state and phase transition regions, respectively at a loading concentration of
0.05 vol. fraction), as compared to various other metallic and carbon based nano-inclusions.
Aggregation dynamics and formation of such percolation network was probed using optical
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phase contrast microscopy, where for the first time, direct experimental evidence was
provided for solidification induced cluster formation during liquid-solid phase transition of
nano-inclusions loaded PCMs.
Thermal conductivity enhancements during liquid-solid phase transitions in paraffin wax
(PW), binary mixture of paraffin wax and hexadecane (PW-HD) and lauric acid loaded with
various concentrations of carbon black nanopowder (CBNP) of primary size ~ 30 nm were
experimentally studied. Differential scanning calorimetry studies showed that the liquid-solid
phase transition temperatures (and the associated latent heat values) for PW and PW-HD
based PCMs are ~ 60.1 and 45.9 0C (125.85 and 44.89 kJ/kg), respectively. It was further
observed, that peak phase transition temperature remained almost constant, whereas latent
heat decreased slightly for the PCMs incorporated with increasing concentrations of CBNP,
which was attributed to the exclusion of significant volume of host matrix on higher loading.
Similarly, for CBNP loaded lauric acid based PCMs, differential scanning calorimetry results
also indicated that the phase transition temperature remained almost constant with increasing
CBNP loading. On the other hand, latent heat values decreased slightly, which was attributed
to the reduction in LA concentration. Differential scanning calorimetry further revealed that
the phase transition temperature of pristine lauric acid was ~ 45.4 ± 0.1 0C and the associated
latent heat value was ~ 151.6 ± 0.4 kJ/kg. Phase transition temperatures were also evaluated
using the refractive index measurement and infrared thermography (IRT) based non-contact
temperature monitoring, where it was observed that the phase transition temperature obtained
from the above-mentioned three methods were in good agreement with each other.
Upon incorporation of CBNP in the host matrices, an enhancement in thermal conductivity
was observed, which was more significant in the solid state. The maximum thermal
conductivity enhancements with 2.5 wt. % CBNP loading were ~ 135 and 141 % for PW and
PW-HD based PCMs, respectively, which were found to be significantly higher than the
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earlier reported values achieved by incorporating various carbon based and metallic nanofillers. Similarly, for CBNP loaded lauric acid based PCMs, the maximum thermal
conductivity enhancements was ~195 % for a loading concentration of 3.5 wt. %, which was
found to be significantly higher than the earlier values reported in literature. The higher
thermal conductivity enhancement was attributed to the efficient percolating heat transfer
through the quasi-2D networks of CBNP nano-inclusions, formed during freezing of the host
matrices. The lower primary nodule size, high compressibility and volume filling capacity of
CBNP resulted in the formation of more closely packed aggregates with improved aggregateaggregate and aggregate-PCM contacts, which aided in lowering the thermal barrier
resistance, thereby augmenting phonon mediated heat conduction and near-field radiative
heat transfer efficiency, which caused an overall enhancement in thermal conductivity of the
nano-inclusion loaded PCMs. For the paraffin wax based PCMs, the thermal conductivity
enhancement in the solid state was comparable to the theoretically obtained values from
logarithmic heat conduction model, which further confirmed the percolative heat transfer. On
the other hand, experimental finings indicated that, in the solid state, thermal conductivity
enhancement increased linearly with particle concentration for the CBNP loaded lauric acidbased PCMs. Infrared thermography based non-contact temperature monitoring was
performed to estimate the gain in cooling time and obtained results indicated ~ 82 and 100 %
gain in cooling time for PW and PW-HD based PCMs, respectively. The enhancements in
heat transfer rates, in the solid state showed a reduction in charging time by ~ 17.3 and 16.2
% for PW and PW-HD based PCMs, respectively, loaded with 2.5 wt. % CBNP. The cooling
time was also estimated for the LA based PCM and it was observed that the gain in cooling
time was ~ 221 %. Repeated thermal cycling showed good thermal stability of the PCMs,
with or without nano-inclusions. It was further observed that the CBNP loaded PCMs showed
negligible degradation in latent heat after 100 thermal cycles. The latent heat values were
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found to decrease by ~ 2.1, 1.8 and 2.1 % for PW, PW-HD, and lauric acid-based CPMs,
respectively, after 100 thermal cycles. Further, an increase in photo-thermal conversion
efficiency with increasing CBNP loading was observed, which was attributed to the
enhancement in total extinction coefficient of the incident solar radiation due to intense Mie
scattering by the micron sized clusters of CBNP. The maximum enhancement in photothermal conversion efficiency of PW based PCM loaded with 2.5 wt. % CBNP was ~ 84 %.
For the LA based PCM loaded with 3.5 wt. % CBNP nano-inclusions, the maximum
enhancement in photo-thermal conversion was ~ 134 %.
Addition of porous calcium carbonate (25 wt. %) to the lauric acid-based PCM host matrix
arrested the leakage during phase transition. The form-stable PCMs showed negligible
leakage up to 300 s when subjected to a constant temperature of ~ 50 0C (i.e. 5 0C higher than
the melting temperature). However, the latent heat is found to have decreased by ~ 21 % in
the form-stable PCMs, with a good load bearing capacity of ~ 7 kg. Biphasic mixture of
hexadecane and palmitic acid (24 wt. % PA/HD composition) was prepared by mixing 3.5 ml
of HD in 1ml of PA. The binary PCM showed two distinct phase transitions at T ~ 14-19 0C
(corresponding to the phase transition of hexadecane) and at T ~ 42-45 0C (corresponding to
the phase transition of palmitic acid). Further the melting and solidification latent heat values
corresponding to the hexadecane phase transition were ~ 140 and 157 kJ/kg, respectively,
which were found to be among the highest in literature for shape-stable PCMs. Upon loading
with carbon black nanopowder (CBNP), the shape stable PCM showed significant
enhancement in thermal conductivity, which was more prominent in the solid state. In the
solid state, thermal conductivity enhancement increased from 76.9 to 89.2 %, when CBNP
loading was increased from 0.005 to 0.1 wt. %. Further, thermal conductivity enhancement in
the solid state initially increased with CBNP loading up to an optimum concentration and
beyond that it decreased due to the formation of larger sized aggregates. The optimum
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concentration in the present case was found to be ~ 0.05 wt. % and the maximum
enhancement in thermal conductivity was ~ 115.4 %. The PA-HD binary PCM showed
excellent shape-stability up to 30 0C and no material leakage was discernible. For temperature
beyond 19 0C, the hexadecane component melted but remained confined within the solid
structure of palmitic acid, which showed a solid-liquid phase transition around 42-45 0C. The
high thermal conductivity enhancement, augmented shape stability over a temperature range
of 3-30 0C and extremely high latent heat storage capacity make CBNP nano-inclusion
loaded PA-HD binary shape-stable PCMs ideal candidates for various practical applications,
domestic refrigeration, building thermo-regulation and room-temperature thermal energy
storage.
The key findings of the thesis are summarized below.


During solidification of the PCMs, the nano-inclusions are squeezed towards the
inter-crystallite regions, forming “nano-rich” aggregates along the grain boundaries.
Solidification induced stress fields result in the formation of a quasi-2D network of
such tightly bound aggregates with high phonon mediated heat conduction efficiency.
Improved surficial contact also reduces thermal barrier resistance, which is beneficial
for heat transfer. Further, close proximity of the nano-inclusions also augments the
near-field radiative heat transfer. All of these ultimately results in the enhancement of
heat transfer efficiency of the nano-inclusion loaded PCMs.



Surface functionalization of the nano-inclusions resulted in better long-term thermal
stability of the nano-enhanced PCMs, without significant reduction in thermal
conductivity enhancement. The theoretical values of interfacial thermal resistance for
the surface functionalized nano-inclusions was in agreement with the experimental
findings.
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The phase transition temperatures of phenol-water and palmitic acid/di-methyl
formamide mixtures were tuned to near room temperature by varying constituent
ratios. The tuned PCMs were found to be thermally stable and exhibited significant
thermal conductivity enhancement, upon loading with various nano-inclusions.



Carbon black nano powder loaded paraffin wax and lauric acid based PCMs showed
very high thermal conductivity enhancement. Superior volume filling capacity and
fractal nature of CBNP aggregates aided in the formation of closely bound percolation
network with reduced thermal barrier resistance, which resulted in the observed
higher thermal conductivity enhancements.



Carbon black nano-inclusion loaded PCMs showed significant enhancement in photothermal conversion, which further increased with particle loading due to augmented
absorption of the incident light.



Palmitic acid-hexadecane binary shape-stable PCM showed a phase transition ~ 14-19
0

C with a latent heat value of ~ 140-157 kJ/kg. Enhanced thermal conductivity was

observed for the shape-stable PCM loaded with various nano-inclusions.

7.2 Recommendations for future work
The following future works are recommended.
 Development of microencapsulated organic phase change materials (PCMs) with
inorganic moities as shell and PCMs as core. Such microencapsulated PCMs offer
several benefits, like form-stability, prohibition of direct contact between the PCM
and the environment and augmented heat transfer area.
 Studies on the synergistic enhancement of thermal conductivity of PCMs loaded with
multiple types of nano-inclusins and probing the underlying physical phenomena.
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 Studies on the effects of morphology and aspect ratio of nano-inclusions on thermal
conductivity enahcnment of PCMs.
 Fabriaction of pilot scale devices to assess the efficacy of latent heat thermal energy
storage using nano-inclusion loaded PCMs.
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