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Abstract: In this work, we experimentally investigated the solidification behavior of functionalized
graphene-based phase change nanocomposites inside a sphere. The influence of graphene
nanoplatelets on thermal transport and rheological characteristics of the such nanocomposites
were also discussed. We adopted the covalent functionalization method to prepare highly stable
phase change nanocomposites using commercially available phase change material (PCM) OM08
as the host matrix and graphene nanoplatelets (GnPs) with 0.1, 0.3, and 0.5 volume percentage as
the nano inclusions. We report a maximum thermal conductivity enhancement of ~102 and ~46%
with 0.5 vol% in the solid and liquid states, respectively. Rheological measurements show that the
pure PCM shows Newtonian behavior, whereas the inclusion of GnPs leads to the transition to
non-Newtonian behavior, especially at lower shear rates. Viscosity of the nanocomposite increases
with an increase in the volume fraction of GnP. For 0.5 vol% of GnPs, maximum increase in viscosity
was found to be ~37% at a shear rate of 1000 s−1. Time required for complete solidification decreases
with the loading of GnPs. Maximum reduction in solidification time with 0.5 vol% of GnPs was ~40%
for bath temperature of −10◦C.

Keywords: solidification; phase change material; fatty acids; graphene nanoplatelets; cold thermal
energy storage

1. Introduction

In recent years, air conditioning systems in vehicles have received great attention due to ozone
depletion and NOx emission issues. The automobile sector contributes to 23% of overall greenhouse
emissions [1] and the usage of air conditioners is also a major factor, which consumes 12–17% of the
total engine power [2]. An attempt has been made to reduce the fuel consumption and greenhouse gas
emissions from engines during traffic periods by using the start/stop (S/S) technology in vehicles [3].
The use of start/stop technology in small-sized cars could reduce CO2 emission by 20% [4]. The engine
gets switched off during the traffic time for a longer period with the use of start/stop technology,
and the compressor of an air conditioner stops running. This could affect the thermal comfort of the
passengers in the cabin and raise the cabin temperature due to the penetration of heat from outside,
especially in urban areas. To overcome this problem, a thermal energy storage system (TES) could be a
possible solution in the mobile air conditioning system (MAC) as a secondary cooling coil. The TES
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system can store cold energy when the air conditioner runs and subsequently serve cold energy to the
passenger cabin during the start/stop period.

The TES system plays a significant role in storing thermal energy in building air conditioning,
solar energy, waste heat recovery, etc. It is also used as an excellent energy-saving technique in air
conditioning applications. Latent heat based TES systems (LHTES) are promising owing to their high
energy storage density, isothermal energy storage and release [5]. Many phase change materials (PCM)
are used in LHTES systems, such as paraffins, salt hydrates, organic alkanes, alkeones, fatty acids, and
eutectic mixtures. Among these, fatty acid-based PCMs are best suited for energy storage, especially
for temperature conditions below the ambient temperature. They possess good thermo-physical
properties such as high energy storage density, low cost, no subcooling, being non-toxic, having
corrosive resistance, high thermal stability, and with the low volume change during phase transition [6].

Bista et al. [7] experimentally evaluated PCM TES inclusion on the performance of vapor
compression refrigeration system, compressor cycling, and annual energy consumption. The PCM was
placed in the evaporator/condenser side and food compartment individual and its effects were analyzed.
They found that the addition of the PCM in the evaporator side increased the initial compressor cut
in cycle and condenser temperature, while the condenser pressure and energy consumption were
reduced with the PCM in the condenser side. However, the compressor cycling was not uniformed
and it required more displacement with the condenser side PCM. The position of the PCM-based TES
in the food compartment also resulted in a marginal drop in coefficient of performance (COP).

Elarem et al. [8] carried out the effect of integrated PCM slabs with evaporator compartment on
the COP and energy consumption of the refrigerator. The commercial A4 (PluseICE) organic PCM with
a phase transition temperature of 4 ◦C was used. They reported that the system COP was increased by
12%, with 8% reduction in energy consumption. Maiorino et al. [9] and Bakhshipour et al. [10] also
reported similar results with integration of PCMs in the refrigerator. Yamada et al. [11] developed and
tested the cold TES evaporator in a MAC system for stop/start vehicles to extend the thermal comfort
during traffic waiting periods. The results showed that cabin comfort was extended up to 19 and
38 s with conventional and TES evaporators, respectively, while the average fuel consumption was
dropped by up to 7.5% with TES evaporator. Wang et al. [12] found that the PCM heat exchanger with
a capacity of 0.45 kWh and 33 kg of PCM improved the electrical vehicle running time by 20%, while
maintaining thermal comfort in the cabin. From the previous studies, it was found that the utilization
of PCM TES had lower energy consumption and CO2 emission in the commercial, passenger and
transport air conditioning, and refrigeration applications.

However, limited thermal conductivity of the PCMs is unfavorable for the enhancement of system
performance with TES [13]. The energy storage process mainly depends on the conduction heat
transfer of the PCM after solidification starts, and therefore it is necessary to enhance the thermal
conductivity of the PCM to enhance the system performance. There are many methods proposed
to improve the thermal conductivity of the PCMs. Recent literature shows that the addition of
nanomaterials significantly enhances the thermal conductivity of PCMs [14]. Many nanomaterials
such as Al2O3, SiO2, CuO, carbon nanohorns, single-walled carbon nanotubes, multi-walled carbon
nanotubes, graphene nanoplatelets (GnPs), expanded graphite and carbon nanofibers, etc., were
investigated by the researchers to increase the thermal conductivity and heat transfer rate. Among
these, GnPs have excellent potential to enhance the thermal conductivity to a higher level because
of their two-dimensional planar structure [15–18]. The problem associated with the utilization of
GnPs is agglomeration and sedimentation over the course of time. This can be reduced by adding the
surfactant (non-covalent functionalization methods) in the nanocomposites. However, the inclusion of
the surfactant may reduce the specific heat with higher viscosity, and these two conflicting effects may
affect the energy storage/release process [19]. In regard to this, chemical treatment of GnPs (covalent
functionalization) could be a better option. In this technique, concentrated nitric acid treatment was
adopted to modify the surface of GnPs to increase the number of surface-active sites for electrochemical
reactions due to the hydrophobic tendency of GnPs. The number of oxygen/nitrogen-containing
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functional groups formed on the surface of the graphene increased after acid treatment and thus, it
increased the hydrophilicity of GnPs [20]. Moreover, studies on the rheological behavior of the PCM
nanocomposites are limited in literature [21].

It is essential to analyze the effects of nanoparticles on PCM solidification and melting processes
in a container before using it in the practical TES systems. This gives a good understanding of the
energy storage/release behavior of nanocomposites. Recent studies on carbon-based nanocomposites
for cold TES are tabulated in Table 1. Sathishkumar et al. [22] studied the solidification of water-based
GnP nanocomposite in a spherical capsule and observed that the solidification time was reduced by
25% with 1.2 mass % of GnPs. Sidney et al. [20] experimentally analyzed the solidification and melting
of water-based GnP composite in a cylindrical container. They used functionalized GnPs instead of
using surfactants for improving the thermal stability. It was found that the addition of GnPs reduced
the solidification time by 43% and 32% for the bath temperatures of −6 ◦C and −10 ◦C, respectively,
with 0.5 vol% of GnPs.

Table 1. Recent studies on the solidification of PCM nanocomposites with carbon-based nanomaterials
for cold TES application.

Authors Phase Change Material Nanomaterial Observation

Sidney et al. [20] Deionized water Functionalized GnPs

Solidification time of GnP nanocomposite with
0.5 vol% of GNPs was decreased by 43% and

32% for bath temperatures of −6 ◦C and −10 ◦C,
respectively.

Sathishkumar et al. [22] Deionized water GnPs
Solidification time decreased by 21% and 25%

at bath temperatures of −9 ◦C and −12 ◦C,
respectively, with 0.5 vol% of GnPs.

Kumaresan et al. [23] Paraffin (RT 20) MWCNT
With 0.6 vol% of MWCNT, the solidification
time of PCM nanocomposite decreased by

33.64%.

Kumaresan et al. [24] Deionized water MWCNT
Solidification time decreased by 14% and 20%
for the bath temperatures of −9 ◦C and −12 ◦C

with 0.6 vol% of MWCNT inclusion.

Chandrasekaran et al. [25] Deionized water MWCNT Freezing time was reduced by 25% with
0.1 wt% of MWCNT.

Liu et al. [26] Deionized water Graphene oxide Solidification was shortened by 66% with
50 mg of GO in 100 ml water.

Mo et al. [27] Deionized water L-MWNT-1030 Solidification time was reduced from 4 h and
30 min to 3 h and 20 min.

In our previous study [28], melting behavior of the GnPs enhanced OM08 PCM in a sphere
shows that the addition of GnPs reduced the melting time by up to 26% and 21% with 0.5 vol%.
It was also found that the addition of GnPs led to transition from Newtonian to non-Newtonian
behavior at low shear rates. Dynamic viscosity of such nanocomposite had a major impact on the
melting behavior of the PCM nanocomposite. There was no significant reduction in the melting time
between the GnP loadings of 0.4 and 0.5 vol%. Thus, the addition of GnPs was limited to 0.5 vol%.
In this study, a miniature work was carried out using a spherical capsule to understand heat transfer
phenomenon during solidification of PCM with GnP inclusion, before implementing it in the MAC
system. Limited work has been done with GnP nanocomposites for cold TES, and no work has
been reported using functionalized GnPs with fatty acids for cold TES. The novelty of this work is
to study solidification behavior of the fatty acid-based PCM with GnPs inside a sphere for potential
utilization in automobile air conditioning systems. Further, the effects of GnP addition on the thermal
conductivity and rheological behavior were also analyzed. The experiment was performed for various
bath temperatures (–10, 2, and 5 ◦C) and 0, 0.1, 0.3 and 0.5 vol% of GnP loadings.
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2. Experimentation

2.1. Material Selection

The PCM was selected based on the operating temperature range of the particular application
considered in this study. Air temperature leaving the MAC system’s cooling coil is in the range of
3–16 ◦C [29]. So, in this study, we chose the PCM whose phase change temperature was at ~8 ◦C. For this
application, commercially available fatty acid-based PCM OM08 with a phase change temperature
of 8–9 ◦C was purchased from Pluss Technologies, India and its properties are shown in Table 2.
PCM OM08 was selected due to its compatibility with aluminum, which is often used in MAC heat
exchangers and has low volume change during phase transition (<5%). The grade M multilayered
GnPs (diameter 25 µm, mean thickness of 5–10 nm, density of 2.2 g cm−3) were purchased from XG
Science (Lansing, MI, USA). The typical multilayer flake-shaped structure of the GnPs was confirmed
by Scanning Electron Microscopy (SEM) (FEI 3d Versa Dual Beam, HillsBro, Oregon, USA), as shown
in Figure 1.

Table 2. Thermo-physical Properties of OM 08.

Property Value a

Phase change temperature 8–9 ◦C
Density (liquid phase) ρl (at 30 ◦C) 1050 kg m−3

Density (solid phase) ρs (at 0 ◦C) 1111 kg m−3

Thermal conductivity (liquid phase) kl (at 30 ◦C) 0.168 W m−1 K−1

Thermal conductivity (Solid phase) ks (at –5 ◦C) 0.235 W m−1 K−1

Latent heat h (0–9 ◦C) 180 kJ kg−1

Specific heat (liquid phase) cpl (30 ◦C) 2.1 kJ kg−1 K−1

Specific heat (solid phase) cps (0 ◦C) 1.71 kJ kg−1 K−1

Flash point 110 ◦C
a http://www.pluss.co.in/technical-datasheets/Doc366-TDS-OM-08.pdf.
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2.2. Functionalization of GnPs

At first, 10 g of GnPs was dispersed in 500 ml of concentrated nitric acid (65%). The mixture
was heated and refluxed in oil bath at 100 ◦C for 2 h. The heated mixture was diluted in deionized
water until the PH value became 7 and then the GnP flakes were filtered. Filtered GnPs were kept in a
furnace for 8 h at 160 ◦C to remove the moisture content.

2.3. Preparation of PCM Nanocomposites

The required amount of functionalized GnPs (0.1 vol%) was dispersed in liquid PCM using a
hot plate type magnetic stirrer at a temperature of 35 ◦C at 350 rpm for a time of 30 min. Following
this, the sample was sonicated at a frequency of 30 GHz for 90 min by using a digital sonicator
(QSonica, USA). The same procedure was repeated to prepare the PCM nanocomposites of different
loadings with functionalized GnPs (0.3 and 0.5 vol%). The prepared samples were kept undisturbed
for 10 days and it was confirmed visually that there was no settlement of GnPs. Further, the stability
of nanocomposite was measured by the zeta potential distribution method, which was previously
reported in our work [28].

2.4. Experimental Facility

The experimental setup, as previously reported in our work on melting [28], consisted of a
spherical capsule (made: Aluminum, outer diameter: 80 mm), a constant temperature refrigerating
bath (Capacity: 5 l), cooling coil, temperature controller and data logging unit (Agilent-34970A)
with a personal computer, as shown in Figure 2. Generally, freezing inside the sphere is symmetric
about its vertical axis when the surrounding is maintained at a constant temperature. To understand
the solidification behavior of the PCM, we placed resistance temperature detectors (RTDs) at five
different locations in the spherical capsule, as shown in Figure 3. A mixture of ethylene glycol and
water (ratio of 40:60 by volume) was used as the heat transfer fluid (HTF) in the refrigerating bath.
The temperature of the bath was controlled by a proportional integral derivative controller (PIDC) and
an electrically-driven stirrer was used to maintain constant temperature in the bath. The cooling bath
was completed insulted using polyurethane form to reduce the heat losses.
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2.5. Experimental Procedure

The refrigeration unit, along with the stirrer motor, was switched ON and the required bath
temperature of −10 ◦C was fixed by using the temperature controller. Once the required bath
temperature was attained, the controller regulated the power supply to the cooling coil to maintain a
constant temperature. The PCM nanocomposite was filled in the capsule up to 90% of its volume and
then was heated to 31 ◦C using a separate bath. After attaining uniform temperature throughout the
capsule, it was then immersed in the refrigerating bath and this initiated the solidification process of
the PCM nanocomposite. The temperatures of the PCM nanocomposite at various locations in the
capsule were logged into the computer with a time interval of 10 s, until thermal equilibrium was
attained. Then, the same procedure was repeated for the PCM nanocomposite for the different bath
temperatures of 2 ◦C and 5 ◦C and the remaining vol% of GnPs (0.3 and 0.5 vol%).

2.6. Measurement of Thermal Conductivity and Rheological Behavior

We used KD2 Pro thermal property analyzer (Decagon Devices, USA) to measure the thermal
conductivity in this work. The KS1 sensor measures the thermal conductivity with an accuracy of ±5%.
Thermal conductivity of the PCM nanocomposites was measured at the solid and liquid states based on
the method adopted by Sidney et al. [20]. Thermal conductivity measurements were performed at least
10 times at a particular temperature to confirm repeatability. Rheological measurements were performed
using Anton Paar MCR 302 rheometer for a shear rate range of 1–1000 s−1 at ambient temperature.

Uncertainty of the solidification time (tsolidi f ication) and the total experiment (Etotal) were estimated
as reported by Moffat [30], which is described below:

∂x
x

=

√(
∂x1

x1

)2

+

(
∂x2

x2

)2

+ . . . ..
(
∂xn

xn

)2

(1)

The total solidification time (tsolidi f ication) is a function of the mass of the PCM filled in the capsule
(

.
mPCM) bath temperature (Tbath), initial temperatures of the PCM (TPCM,initial), final temperatures of the

PCM (TPCM, f inal), and data logging (tdata,logger). Similarly for the total experiment (Etotal) is a function of
the total solidification time (tsolidi f ication), thermal conductivity (kpcm), and viscosity (µpcm ) of the PCM.

tsolidi f ication = f
[ .
mPCM, TPCM,initial, Tbath, TPCM, f inal & tdata,logger

]
(2)
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∂tsolidi f ication

tsolidi f ication
=

(∂mpcm

mpcm

)2

+

(
∂Tpcm,initial

Tpcm,initial

)2

+

(
∂Tpcm, f inal

Tpcm, f inal

)2

+

(
∂Tbath
Tbath

)2

+

(
∂tbath logger

tbath logger

)2
0.5

(3)

∂Etotal
Etotal

=


(
∂tsolidi f ication

tsolidi f ication

)2

+

(
∂kpcm

kpcm

)2

+

∂µpcm

µpcm

2
0.5

(4)

Uncertainties for the time of solidification and total experiment were estimated as ±2.3% and
±5.9%, respectively.

3. Results and Discussion

In this section, the effect of functionalized GnPs on the thermal conductivity and rheological
behavior are discussed. The solidification behavior of the nanocomposites for varying GnP loadings at
different bath temperatures is also discussed in detail.

3.1. Effect of GnP Loading on the Thermal Conductivity of PCM Nanocomposites

The effect of functionalized GnPs on the thermal conductivity of nanocomposites for the
temperature range of −20 to 40 ◦C is shown in Figure 4. The measured thermal conductivity of
pure PCM at 30 ◦C and −10 ◦C was in good agreement with the manufacturer data, shown in Table 1,
within a range of ±5%. As seen from Figure 4, the inclusion of GnPs in the PCM increases the thermal
conductivity of the nanocomposites and decreases with temperature. It is also observed that there
is a sudden increase in thermal conductivity in the liquid to solid phase transition region, and it
attains maximum thermal conductivity after complete solidification. Maximum enhancement in
thermal conductivity for the 0.5 vol% of GnPs is found to be 102.17% and 45.69% in solid and liquid
states, respectively.
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Figure 4. Effect of functionalized GnP loading and temperature on the thermal conductivity of the
PCM nanocomposites.

The reason behind the higher thermal conductivity enhancement in the solid state than that in the
liquid is attributed to the formation of percolating networks formed during the phase transition and
the crystalline nature in the solid state which minimizes the interfacial resistance [28,31]. The lower
enhancement in the liquid phase of the nanocomposite is attributed to the molecular disorder of the
PCM during phase transition and higher interfacial resistance [31,32]. Harish et al. [32] also reported
that the thermal conductivity enhancement of PCM with 1% of GnP loading in solid and liquid states
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were 223% and 37%, respectively. It is also observed from Figure 4 that the variation of solid state
thermal conductivity with respect to temperature is not significantly changed.

3.2. Effect of GnP Loading on Rheological Behavior of the PCM Nanocomposites

The effect of GnP loading and the shear rate on the dynamic viscosity and shear rate of PCM
nanocomposites at 20 ◦C is shown in Figure 5. It indicates that the inclusion of GnPs increases the
dynamic viscosity of the PCM nanocomposites, whereas it reduces with the shear rate because of the
shear thinning behavior. The rheological characteristics of the fluid is classified into two types—as
Newtonian and non-Newtonian. If the viscosity of the fluid does not change with shear stress, it is said
to be Newtonian, while if it is a changes with shear stress, it is classified as non-Newtonian fluid [33].
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nanocomposites at 20 ◦C.

As seen from Figure 5, the viscosity of the pure PCM composite does not change with shear rate and
it clearly indicates Newtonian behavior. However, viscosity of the nanocomposites varies with respect
to shear rate of 1–200 s−1 and further increase in shear rate does not alter the viscosity. This shows
the non-Newtonian behavior of PCM nanocomposites at low shear rates. Parameshwaran et al. [21]
and Kumaresan et al. [23] also reported similar rheological behavior with PCM nanocomposites.
The maximum increase in dynamic viscosity of the PCM nanocomposite is found to be 37.02% with
0.5 vol% of GnPs at a shear rate of 1000 s−1.

As seen from Figure 5, the shear stress of the pure PCM linearly increases with shear rate, while
the addition of GnPs lead to a non-linear increase in shear stress at lower shear rates for the PCM
nanocomposites. These results also confirm the Newtonian behavior of pure PCM and non-Newtonian
behavior of PCM nanocomposites. It is inferred that the addition of GnPs could cause the natural
convection predominantly at low shear rates in the liquid phase during solidification due to the
increased dynamic viscosity, while the increased thermal conductivity helps to enhance the heat
transfer in both solid and liquid phases.
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3.3. Solidification of Pure PCM in a Spherical Capsule

Solidification behavior of pure PCM at varying locations of T1, T2, T3, T4, and T5 inside the
spherical capsule at the bath temperatures of −10 ◦C is shown in Figure 6. During the initial stage
of the solidification process, the temperature at all the measured locations drops quickly to 10 ◦C
within 12 min. At this phase, the PCM is in liquid phase and heat transfer between the molecules of
the PCM is completely dominated by the natural convection until solidification begins near the wall.
This convective current allows better heat transfer between the molecules of the liquid PCM and heat
transfer with the container wall, resulting in faster temperature drop at all the other locations.

Energies 2019, 12, x FOR PEER REVIEW 9 of 16 

 

This convective current allows better heat transfer between the molecules of the liquid PCM and 
heat transfer with the container wall, resulting in faster temperature drop at all the other locations.  

 
Figure 6. Temperature change at different locations as a function of time during solidification of pure 
PCM. 

Once the temperature falls below 10 °C, the PCM starts solidifying and the solidification 
process is mainly dominated by the conduction heat transfer between the container wall and solid 
molecules of the PCM. Thus, temperature near the container wall at location T1 drops quickly and 
that at T3 decreases very slowly. The temperature at other locations T2, T4, and T5 (R = 20 mm) are 
symmetric about the centre (T3) and should exhibit similar temperature drops. However, the 
temperature drops quickly at T2, followed by T4 and T5. This is because the solidified PCM tries to 
sink to the bottom of the capsule due to its high density, and the liquid molecules of the PCM move 
upward due to natural convection effects. The presence of temperature sensors inside the capsule 
prevents the downward motion of the solidified PCM as solidification commences on the surface of 
the sensors. Due of this phenomenon, the temperature drops at T4 and T5 are delayed by 22.5 and 
37.5 min than that of T2. Time taken for complete solidification at locations T1, T2, T3, T4, and T5 is 
measured to be 73.5, 96.5, 153, 119, and 139 min, respectively. Li et al. [34] also reported similar 
trends of solidification behavior of paraffin-based PCM in a spherical container.  

In practice, source temperature of the air conditioning unit is varied based on the cooling 
demand and other operational conditions. Therefore, it is very important to analyze the 
solidification behavior for different bath temperatures. The trend of drops in temperature at all the 
locations is the same as the bath temperature increases to 2 °C and 5 °C. The effects of bath 
temperature on the solidification of pure PCM at the center of the capsule (T3) are shown in Figure 7. 
It shows that the decrease in bath temperature decreases the solidification time of the pure PCM, 
owing to the higher potential of temperature drive. The time taken for complete solidification is 
found to be 153, 274, and 470 min at the bath temperatures of –10, 2, and 5 °C, respectively.  
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pure PCM.

Once the temperature falls below 10 ◦C, the PCM starts solidifying and the solidification process
is mainly dominated by the conduction heat transfer between the container wall and solid molecules
of the PCM. Thus, temperature near the container wall at location T1 drops quickly and that at T3

decreases very slowly. The temperature at other locations T2, T4, and T5 (R = 20 mm) are symmetric
about the centre (T3) and should exhibit similar temperature drops. However, the temperature drops
quickly at T2, followed by T4 and T5. This is because the solidified PCM tries to sink to the bottom of
the capsule due to its high density, and the liquid molecules of the PCM move upward due to natural
convection effects. The presence of temperature sensors inside the capsule prevents the downward
motion of the solidified PCM as solidification commences on the surface of the sensors. Due of this
phenomenon, the temperature drops at T4 and T5 are delayed by 22.5 and 37.5 min than that of T2.
Time taken for complete solidification at locations T1, T2, T3, T4, and T5 is measured to be 73.5, 96.5,
153, 119, and 139 min, respectively. Li et al. [34] also reported similar trends of solidification behavior
of paraffin-based PCM in a spherical container.

In practice, source temperature of the air conditioning unit is varied based on the cooling demand
and other operational conditions. Therefore, it is very important to analyze the solidification behavior
for different bath temperatures. The trend of drops in temperature at all the locations is the same as
the bath temperature increases to 2 ◦C and 5 ◦C. The effects of bath temperature on the solidification
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of pure PCM at the center of the capsule (T3) are shown in Figure 7. It shows that the decrease in
bath temperature decreases the solidification time of the pure PCM, owing to the higher potential of
temperature drive. The time taken for complete solidification is found to be 153, 274, and 470 min at
the bath temperatures of –10, 2, and 5 ◦C, respectively.Energies 2019, 12, x FOR PEER REVIEW 10 of 16 
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3.4. Effect of GnP Loading on the Solidification Behavior of the PCM Nanocomposites

The effect of functionalized GnP loading with variation in temperature at the center (T3) of the
spherical capsule during solidification from 32 ◦C to −10 ◦C is shown in Figure 8. It shows that the drop
in temperature is faster in both solid and liquid phases when the GnP volume percentage increases.
This indicates that the increase in viscosity does not commensurate with higher thermal conductivity
during the temperature drop in liquid phase. The time required to reach 10 ◦C at the center is found
to be 29, 12, 10, and 9 min with 0, 0.1, 0.3, and 0.5 vol% of GnP loadings. It indicates that the drop
in temperature during the liquid phase is found to be more significant with lower volume fraction
of GnP (<0.1 vol%), and further addition of GnPs does not yield a significant drop in the time. This
could be due to the higher dynamic viscosity with high volume fractions of GnPs that affects the
natural convection between the liquid molecules of the PCM nanocomposites. Time required to attain
a thermal equilibrium state of PCM nanocomposite at the centre (T3) is found to be 153, 129, 113, and
93 min with 0, 0.1, 0.3, and 0.5 vol% of GnP loadings. The drop in solidification time is found to be
15.68, 26.14, and 39.21% with 0.1, 0.3, and 0.5 vol% of GnP loadings. Based on our previous studies [28],
there was no significant reduction in melting time while increasing GnP loadings from 0.4 to 0.5 vol%,
due to the increased dynamic viscosity. Thus, the study is limited to 0.5 vol% GnP concentration.
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Time taken for solidification to complete for the PCM nanocomposites at different locations in the
capsule for the various volume fractions of GnPs is shown in Figure 9. It shows that the solidification
time reduces at all the measured locations with increase in GnP concentration. At first, the PCM
nanocomposite solidifies at the location T1, followed by the locations T2, T4, T5, and T3. The same
solidification trend was experienced with the pure PCM, as shown in Figure 6. The maximum drop in
solidification at locations T1, T2, T4, and T5 is found to be 52.4, 34.7, 30, and 37.7%, respectively.

When comparing to other locations, the reduction in solidification is superior at location T1; this
could be due to quicker sensible cooling and direct contact between the capsule wall and the PCM layer.
When compared to the other locations, the percentage reduction in solidification time at locations T2

and T4 are lower. This is attributed to the increase in dynamic viscosity of the nanocomposite, which
suppresses the free-flow motion of the fluid molecules, particularly at the surface of GnPs, which
affects the natural convention and slows down the movement of the PCM liquid molecules from the
top to the bottom of the capsule and vice versa. The overall effect of the above phenomenon affects the
temperature profile at locations T2 and T4 in the capsule.

The solidification process mainly depends on the source temperature (air conditioning application).
Generally, the cooling coil temperature varies based on the various operating parameters. The effects of
bath temperature and GnP loading on the solidification time are shown in Figure 10. The solidification
time increases with the increase in bath temperature and decreases with GnP loading. For pure PCM,
solidification time is delayed by 78% and 205% when the bath temperature is increased from −10 ◦C
to 2 ◦C and 5 ◦C, respectively. The time delay increases as the GnP volume percentage increases.
At 0.5 vol%, the solidification process is delayed by 114% and 228% when the bath temperature is
varied from −10 ◦C to 2 ◦C and 5 ◦C, respectively. Maximum reduction in solidification time of the
PCM nanocomposite with 0.5 vol% of GnPs is found to be 39.21, 32.48, and 30.85% when the bath
temperatures are −10, 2, and 5 ◦C, respectively. Overall, the reduction in solidification time due to the
addition of GnPs is based on the accelerated energy storage due to the increased thermal conductivity
of the PCM nanocomposites for the same PCM volume in the capsule.
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Comparison of the complete solidification time with the previously reported melting time [28]
of the PCM nanocomposite for various GnP loadings is shown in Table 3. The solidification and
melting time decreases with increase in temperature difference between the bath and PCM. For all
the nanocomposites, the time required for complete solidification is higher than that of the melting
time for the same temperature between the bath and the PCM. This phenomenon indicates that the
solidification process is dominated by conduction heat transfer (more resistance), while the melting
process is dominated by convection. The addition of GnPs has a higher percentage reduction in
solidification time than that of the melting time for the same temperature difference between the bath
and the PCM. Therefore, it is inferred that the increase in dynamic viscosity has more impact on the
melting process than that of the solidification process.

Table 3. Comparison of complete solidification and melting timing of PCM nanocomposite for various
GnP loading.

Volume Fraction of GnP (%)
Complete Solidification Time (minutes) Complete Melting Time (minutes) [28]

31 to 2 ◦C 31 to −10 ◦C 2 to 31 ◦C −10 to 31 ◦C

0 274 154 35.5 44

0.1 247 129 34 41.5

0.3 209 109 29 34.5

0.5 180 84 25.5 30

4. Conclusions

In this study, we experimentally show that the low concentration of graphene nanoplatelets
significantly enhances the solidification rate inside a sphere, owing to the higher thermal conductivity
enhancement, and we also report the heat transfer mechanism and PCM flow inside a spherical
encapsulation. The solidification behavior of fatty acid-based (OM 08) PCM nanocomposites with
functionalized GnPs inside a sphere was experimentally investigated. The effect of GnP loading on
thermal conductivity and rheological behavior of the PCM nanocomposites was also investigated.
Maximum enhancement in thermal conductivity of the PCM nanocomposite with 0.5 vol% of GnPs
was found to be ~46% and ~102% in liquid and solid states, respectively. Rheological measurements
show that pure PCM has Newtonian behavior, whereas the inclusion of GnPs results in the transition
of Newtonian to non-Newtonian behavior at lower shear rates.

The initial solidification process is dominated by convection heat transfer and the conduction heat
transfer plays the major role when solidification begins. The time required for complete solidification
of the pure PCM was found to be 470, 274, and 153 min for the bath temperatures of 5, 2, and −10 ◦C,
respectively. Maximum reduction in solidification time of the PCM nanocomposite with 0.5 vol% of
GnPs was found to be ~31, ~32, and ~39% for bath temperatures of 5, 2, and −10 ◦C, respectively. These
results could be very helpful to design and develop an efficient cold TES with low volume concentration
of graphene nanoplatelets, which could make the climate control in vehicles more eco-friendly.
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Nomenclature

Abbreviation
GnPs Graphene nanoplatelets
LHTES Latent heat thermal energy storage
MAC Mobile air conditioning
PCM Phase change material
RTD Resistance temperature detector
SEM Scanning Electron Microscopy
TES Thermal energy storage
Symbols
Cp Specific heat capacity (kJ.kg−1. K−1)
h Latent heat of fusion (kJ. kg−1)
k Thermal conductivity (W.m−1. K−1)
R Radius (mm)
T Temperature (◦C)
Greek symbols
µ Dynamic viscosity (Pa.s)
γ Shear rate (s-1)
Subscripts
1,2,3,4, and 5 Temperature measuring locations
bath Bath temperature
initial Initial temperature
l Liquid
s Solid
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