Journal of Advanced Research in Fluid Mechanics and Thermal Sciences 88, Issue 2 (2021) 133-146

SEMARAK ILMU https://semarakilmu.com.my/journals/index.php/fluid_mechanics_thermal_sciences/index

PUBLISHING

Journal of Advanced Research in Fluid Mechanics

and Thermal Sciences

Journal homepage:

ISSN: 2289-7879

Thermal Behaviour of Nanocomposite Phase Change Material for Solar

Thermal Applications

Akram Fadhl Al-Mahmodi!, Lukmon Owolabi Afolabi®*, Mohammed Ghaleb Awadh?!, Mohammad
Faizal Mohideen Batcha? Nigali Zamani?, Norasikin Mat Isa, Djamal Hissein Didane?

1 Center for Energy & Industrial Environment Studies (CEIES), Faculty of Mechanical and Manufacturing Engineering, Universiti Tun Hussein Onn

Malaysia, Batu Pahat, 86400 Johor, Malaysia

ARTICLE INFO

ABSTRACT

Article history:

Received 4 August 2021

Received in revised form 20 September 2021
Accepted 21 September 2021

Available online 30 October 2021

Keywords:

Thermal Energy Storage; Phase Change
Material; Nanocomposite; Solar Thermal
Collector

The use of solar thermal technologies has shown great prospects towards solar energy
conversion into more useful forms of energy and has increasingly expanded solar
thermal technology applications. However, the inability to properly store the excess
solar energies during peak hours and demands have limited many of their applications.
The integration of thermal energy storage (TES) systems with thermal technologies
have increased the solar thermal technology performance but the poor thermal
characteristics exhibited by phase change materials (PCM) limited the system overall
performance. The enhancement of PCM properties by nonadditive have shown
increased material performance in TES application and thereby extending the use of
solar thermal technology application. Given this narrative and identifies literature gaps,
the present study investigated experimentally the enhancement of paraffin PCM using
nonadditive metallic of different types and concentrations and analysed their thermal
behaviours. The results showed that Cu/paraffin PCM nanocomposites had good
thermal reliability in proposed applications even after 150 thermal cycles under
different temperatures. Moreover, thermal conductivity was improved significantly as
an enhancement of 39% was reported when adding 2.5% of Cu nanoparticles. While
specific heat and thermal diffusivity has been enhanced by 16% and 9%, respectively
compared to pure paraffin. The obtained results were compared with different
theoretical models such as Maxwell mode, Hamilton Crossover model, Jeffery model,
and Bruggeman model. The calculated values show a good agreement with
experimental ones. As a result, the prepared Cu/Paraffin nanocomposite PCM shows
significant promise in thermal energy storage application due to its favourable phase
change temperature, comparatively large latent heat, enhanced thermal conductivity
and high thermal reliability and conversion. The proposed nanocomposite PCM can be
used in many applications such as building materials to reduce interior temperature
swings, enhance thermal comfort, and conserve electricity consumption.
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1. Introduction

Energy is available on our planet from the sun. The sun is considered as the most important
energy source found on our planet earth and every day it emits a huge load of energy which can
power everything on the earth. Sun is being used as a fuel in renewable energy solar thermal systems
that absorbs and converts irradiation into usable energy [1-3]. Solar thermal is clean and is used in
buildings sectors as a source of heat supply. Solar collector captures the irradiation comes from the
sun and passed to its working fluid in form of heating water inside the storage tank for domestic hot
water heating. After accumulating the thermal energy by solar collectors there was a need for storage
that Solar collectors face a challenge of capturing solar energy during rainy and cloudy days when the
irradiation of the sun is too low leading to a noticeable drop in efficiency of the solar system which
depends mainly on solar radiation [2-3]. Generally, renewable energy sources are unable to give
constant power, therefore, is essential to overcome this problem by designing efficient energy
storage as the heat could be stored to use after at night or even cloudy days.

The basic purpose of energy storage systems is to collect energy when the production is higher
than demand and make the energy usable when there is no production [3]. Thermal energy storage
is a technology that keeps thermal energy using the change in temperature of the storage medium
either by heating, cooling or for power generation, Thermal energy storage can minimize energy
consumption, emissions and peak demand when it is working on improving the overall system
efficiency simultaneously [4, 5]. Thermal energy storage technology uses are sensible heat, latent
heat and thermochemical. Among these types, latent heat storage using phase change material
(PCM) is considered an effective technique due to advantageous characteristics during the phase
change process which results in storage density and nearly isothermal operating characteristics [6,
8]. Thermal energy storage technologies based on the phase change material PCM are identified as
one of the advanced technologies for improving the environmental utilization efficiency of renewable
energy because they can store energy with high density and a narrow temperature range beyond a
constant phase change temperature [8, 9]. However, there is a limitation on their use in thermal
transfer applications due to their low thermal conductivity and subcooling. Hence, nanomaterials are
being presented as enhancement tools to be used in PCM to improve their thermophysical properties
in general and thermal conductivity in particular [10].

Because of their significant influence on PCM thermal characteristics, nanoparticles have lately
been explored to improve the performance of thermal storage systems. The thermal conductivity of
the PCM can be enhanced by distributing high thermal conductive particles into it to overcome the
issue of low thermal conductivity [11]. Such a mixture is known as composite phase change material.
Composite materials are materials containing a PCM and at least one additional material that works
on improving at least one of the PCM characteristics. In most cases, this is handling of the PCM, but
compounds can also improve heat transfer through the addition of materials with large thermal
conductivity [12]. The benefit of nanoparticles is that they are incredibly tiny. As a result, they act like
fluids and do not clog pipes during flow. In general, nanocomposite material boasts high stability,
high thermal conductivity and the capability to keep solid forms during the phase transition process
[13].
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2. Materials and Methods
2.1 List of Materials

Paraffin PCM, Cu nanoparticle, round bottom flask, beaker, pipit tube, filter paper, and surfactant.
Paraffin was purchased from SOREPCO SDN BHD (Malaysia, Sarawak) with 100% purity and melting
temperature of 58-60 °C. And the Cu nanoparticle with an average particle diameter of 25nm and
purity > of 98% was purchased from BT SCIENCE SDN BHD (Malaysia, Selangor). All chemicals were
used without any further purification.

2.2 List of Equipment

Bath sonicator, magnetic stirrer, 250 ml beaker, Scanning electron microscopy (SEM),
Thermogravimetric analyser (TGA), thermal constant analyser, thermocouple/thermometer, hot-
plate, particle size analyser, ultrasonication and environmental test chamber.

2.3 Method of Preparation and Synthesis

A two-step method as shown in Figure 1 will be adopted for the synthesis of paraffin PCM
nanocomposite. The paraffin wax and different weight fractions of Cu nanoparticles. Pure Paraffin
wax, 0.5 percent, 1.0 percent, 1.5 percent, and 2.0 percent Nano copper weight percentages were
used in the current experimental research. The standard sample size for this experiment was 150 g
of copper—PCM nanocomposite. To begin, a 250 mL beaker was filled with 149.25 g of Paraffin wax.
Second, 0.75 g of nano copper was distributed in the Paraffin wax, which is comparable to 0.5 percent
of the copper—PCM nanocomposite weight. Finally, an electrical ultrasonication mechanism keeps
the temperature of the combination liquid at 75°C. The ultrasonication device will provide heating
and vibration at a frequency of 40 kHz, with vibrational energy produced at this frequency assisting
in the uniform dispersion of nanoparticles into the base liquid PCM. The combination was
ultrasonicated for four hours to reduce nano copper agglomeration by breaking the agglomerated
particles down to individual nano size and dispersed as suspended particles inside the liquid PCM.
The hot liquid was set aside for four hours to cool to room temperature. The same procedure was
repeated for the 1%, 1.5% and 2% weight ratio of copper—PCM nanocomposites samples.

homogenization of mixture using
ultrasonic vibrator at 75°C
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melting of Paraffin wax using
hot plate at 75°C
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Fig. 1. Preparation steps of nanocomposite PCM
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2.4 Characterization

Thermophysical properties of the MOKO, DKO, PKO, CKO, and MKO was carried to determine the
melting and boiling point, thermal conductivity, specific heat, thermal diffusivity, density, and
viscosity. These are essential fluid properties that determine suitability for heat transfer fluids. Many
reports [14] on the characterization of heat transfer fluids have been presented with fewer studies
on biofluids [13].

2.5 Thermal behaviour

Measurement of heating temperature and the heating cycle was adopted as parameters of the
investigation. The heating temperature used was 1200C, while 100 and 200 heating cycles were
adopted was thermal degradation analysis. For each heating cycle, the oils are heated from ambient
temperature to 1200C, then allowed to cool till ambient temperature to complete one cycle. The
process was repeated 100 and 200 heating cycles, with each taken 20 mins.

3. Result and Discussion
3.1 Compatibility of Composite PCM

The dispersion stability of nanocomposites was verified using photo-image analysis in this study.
If the dispersion stability of the prepared nanosuspension is poor, the nanoparticles will quickly
agglomerate into flocs and precipitate out. The nanoparticle suspension with a good dispersion effect
is very stable, without obvious flocculation and precipitation, and the structure is relatively stable. In
this experiment, different concentrations (0.5%, 1%, 1.5%, 2% and 2.5%) of copper additive/paraffin
PCM were prepared. Figure 2 shows the images state of pure PCM paraffin and different proportions
of Cu nanocomposite PCM. It can be seen from the figure that as more copper nanoparticles are
added to the paraffin, the area of the nanocomposite PCM becomes darker. The black area
corresponds to the unsaturated copper nanoparticles, the grey areas with different shades represent
the saturated copper nanoparticles, and the white area is the excess paraffin. The figure shows that
the nanocomposite PCM has good dispersion stability.

a | | .
Fig. 2. Photo-image of PCM-paraffin wax and PCM
composite (a) PCM paraffin, (b) PCM nanocomposite
0.5%wt, (c) PCM nanocomposite 1%wt, (d) PCM

nanocomposite 1.5%wt, (e) PCM nanocomposite 2%wt and
(f) PCM nanocomposite 2.5%wt
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3.2 Thermophysical Properties

The material thermophysical properties comprise of specific heat capacity, thermal conductivity,
thermal diffusivity, density, coefficient of linear thermal expansion, the heat of vaporization, and heat
of combustion. Material thermophysical magnitudes of the paraffin PCM and PCM nanocomposite
are presented and discussed below.

3.2.1 Thermal conductivity of composite PCMs

The rate of energy storage and release is highly dependent on the thermal conductivity of PCMs.
Thermal conductivity is a crucial parameter for PCM because it reflects the material’s heat transfer
rate. In addition, high thermal conductivity can faster heat absorption which results in increasing the
thermal performance of PCM. In this study, Cu nanoparticles were added as thermal conductivity
enhancers to paraffin PCM composite. Figure 3 shows the thermal conductivity values of PCMs as a
function of nanoparticle concentration. It shows that the thermal conductivity of PCMs is enhanced
gradually with the concentration of Cu nanoparticles. Thermal conductivities of PCM composite with
0.5, 1, 1.5, 2 and 2.5 wt.% of Cu are 0.2483, 0.3189, 0.3227, 0.3301, 0.3398 and 0.3492 W/m K,
respectively

0.36
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0.32 —°
0.3

0.28

0.26

Thermal Conductivity ( W mk-)

0.24
0 0.5 1 1.5 2 25 3
Nanocopperconcentration (%wt)
Fig. 3. Thermal conductivity Vs Volume Concentration of Cu nanoparticle
in Paraffin PCM at 30 °C

3.2.2 Melting point

The selection of suitable phase change substances in specific applications mostly depends on
their melting point to ensure the heat absorption or release at the right temperature. It is stated that,
by adding Cu nanoparticles, the melting of paraffin wax becomes faster as the first sample need more
heat supplies to melt completely the paraffin wax compare to sample 2,3,4 and sample 5. As it can
be observed from Figure 4, adding 0.5, 1, 1.5, 2 and 2.5 wt.% of Cu resulted in decreasing the melting
pointto 53,51, 49, 48,47 and 47 °C, respectively. The reduction in the melting point of the composite
PCMs confirmed the improvement in the thermal conductivity of the paraffin. Noteworthy that the
nanocomposite PCM rapidly absorb heat supplied from a heat source compared with pure paraffin
as PCM.
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Fig. 4. Melting point Vs Volume Concentration of Cu nanoparticle in Paraffin
PCM at 30 °C

3.2.3 Specific heat

The specific heat capacity is essential thermal property of a material. Figure 5 shows that, as
nanoparticles embedded in the nano-PCM composite increased, the specific heat of the composite
decreased. At 0.5, 1, 1.5, 2 and 2.5 wt.% concentration of Cu nanoparticles, the melting point reduced
by 0.1742, 0.1549. 0.1482. 0.1433 and 0.1401 MJ/m?3K, respectively. The mechanism for increasing
specific heat at elevated temperatures can be described due to vibrational, rotational and translation
of molecules at higher temperatures.
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Fig. 5. Specific Heat Vs Volume Concentration of Cu nanoparticle in Paraffin
PCM at 30 °C

3.2.4 Thermal diffusivity

Thermal diffusivity is the rate at which temperature changes occur in a material. The higher the
value of thermal diffusivity the quicker the material will reach temperature equilibrium with its
environment. The lower conductivity and higher heat storage capacity of the PCM materials results
in reduced thermal diffusivity effectiveness of the PCM. As it can be observed from Figure 6, the
thermal diffusivity of composite PCMs with 0.5, 1, 1.5, 2 and 2.5 wt.% of Cu are 1.5621, 1.8243,
1.9281, 2.1532, and 2.0172 W/m?/s, respectively. The result showed that increasing the
concentration of Cu nanoparticles to the paraffine PCM results in increasing the thermal diffusivity.
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Fig. 6. Thermal diffusivity Vs Volume Concentration of Cu nanoparticle in
Paraffin PCM at 30 °C
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3.2.5 Density

Density is an important thermophysical property for composite materials. Figure 7 shows the
density of pure PCM and nanocomposite PCM. Based on the figure, the density of PCM composite
increase with increasing of the portion of nanoparticles added to the PCM nanocomposite. Addition
of 0.5, 1, 1.5, 2 and 2.5 wt.% concentration of Cu nanoparticles, caused the density to increase by
963.18, 1045.23, 1256.24, 1289.61, and 1301.82 Kg/m?3, respectively. The results demonstrated that
incorporating nanoparticles increased the density of the composite. Generally, density is an
important factor that affects the efficiency of PCM as conductivity has a linear relationship with
density. As the density of the composite material increases, the thermal conductivity of the
composite material increases. This outcome has great significance for the production and application
of composite PCM.
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Fig. 7. Density Vs Volume Concentration of Cu nanoparticle in Paraffin PCM at
30°C

3.3 Comparison of the Present Study with Literature
Shin, Banerjee studied the effect of adding SiO2 nanoparticles in eutectic of lithium carbonate to

obtain a high-temperature nanocomposite. The study shows that with the adding of 1%
concentration by weight the specific heat was enhanced by 5~15% and the thermal diffusivity was
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enhanced by 25~28%, respectively. The corresponding effective thermal conductivity of the
nanocomposite was calculated to be enhanced by 35~45% compared with that of the pure PCM while
the density of nanocomposite had a slight increase of 0.8%. In addition, Warzoha et al., study the
effect of graphite nanofibers on the thermal properties of paraffin PCM.

Table 1
Comparison of the present study with other authors percentage (%), enhancement
Thermophysical Present study [15] [16] [17]
properties
Thermal 2-Step method of Two-step liquid steady-state Two-Step method.
Conductivity preparation. 2.5%wt, method method 3%wt eutectic
N Wmk? Paraffin/Cu- SiO2 nanocomposite graphite PCM/ nano-
at30°C nanoparticle. 1%wt Cp nanofibers graphene
39% enhancement nanocomposite 12% wt 44.9%
No surfactant added 35-45% enhancement  Paraffin/GNF enhancement
180%
enhancement

Specific Heat

1/(kg.K preparation. 2.5%wt, method method 3%wt eutectic
at30°C Paraffin/Cu- SiO2 nanocomposite graphite PCM/ nano-
nanoparticle. 1%wt Cp nanofibers graphene
16% enhancement nanocomposite 12% wt 35.6%
No surfactant added 5-15% enhancement Paraffin/GNF enhancement
14% enhancement
Thermal 2-Step method of Two-step liquid steady-state Two-Step method.
Diffusivity preparation. 2.5%wt, method method 3%wt eutectic
at30°C Paraffin /Cu- SiO2 nanocomposite graphite PCM/ nano-
nanoparticle. 1%wt Cp nanofibers graphene
9% enhancement nanocomposite 12% wt 24.16%
No surfactant added 25-28% enhancement  Paraffin/GNF enhancement
253%
enhancement
Density (p) 2-Step method of Two-step liquid steady-state Two-Step method.
Kg/m3 preparation. 2.5%wt, method method 3%wt eutectic
at30°C Paraffin/Cu- SiO2 nanocomposite graphite PCM/ nano-
nanoparticle. 1%wt Cp nanofibers graphene
3% enhancement nanocomposite 12% wt 3.62%
No surfactant added 0.8% enhancement Paraffin/GNF enhancement
1.48%
enhancement

2-Step method of

Two-step liquid

steady-state

Two-Step method.

The study showed that, by adding 12% of graphite nanofiber, the thermal conductivity improved
significantly to reach 180% enhancement. The same high improvement occurred for the thermal
diffusivity with an enhancement of 253%. The specific heat of nanocomposite reduced to a value of
1.9 (J/g.K) which represents 14% enhancement compared to pure paraffine. Density also had a little
enhancement with increasing of 1.48% compared to pure PCM. Another study was carried by Saeed,
et al., to examine the effect of adding Nano-graphene to form eutectic PCM. Based on the study, the
poor thermal conductivity was increased by about 44.9% with a 3%wt additive of nano-graphene.
Moreover, the specific heat and thermal diffusivity were improved to an enhancement of 35.6% and
24.16%, respectively. Comparing the present study with previous works, the thermal conductivity of
the present study is quite high, however, the mass ratio was small compared to other studies which
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explain the high thermal conductivity achieved as the mass volume of nanoparticles has a linear
relation with thermal conductivity improvement. In addition, the specific heat of the present study
shows a competitive value with an enhancement of 16%. Lastly, the density of nanocomposite in the
present study shows a noticeable enhancement of 3% compared to pure paraffin PCM.

3.4 Thermal Reliability

It is important to have good thermal reliability for composite PCMs. Thermal reliability refers to
whether the thermal storage performance of composite PCMs changes after repeated heat storage
and release [19-20]. The thermal properties of excellent composite PCMs should not change or only
have little change after long-term use. Therefore, the thermal reliability of the developed
nanocomposites PCM is determined using an accelerated heating cycle at different heating
temperatures 60, 100 and 120 °C. Table 2 represents the thermophysical properties at 2.5% wt. of
Cu PCM Nanocomposite after 50,100 and 150 heating cycles.

Table 2
Thermal reliability analysis of PCM paraffin and PCM nanocomposite
Thermophysical ~ 2.5% wt. Cu PCM Nanocomposite

Properties 50 100 150 50 100 150 50 100 150
heating  heating heating heating heating heating heating  heating  heating
cycleat cycleat cycleat cycleat cycleat cycleat cycleat cycleat cycle
heating heating heating  heating heating heating  heating  heating  heating
temp temp temp temp temp temp temp temp temp
60°C 60°C 60°C 100°C 100°C 100°C 120°C 120°C 120°C

Thermal 0.3382 0.3323 0.3303 0.3298 0.3245 0.3205 0.3265 0.3222 0.3201

Conductivity

N Wmk?

30°C

Specific Heat 0.1378 0.1342 0.1315 0.1343 0.1315 0.1288 0.1317 0.1311 0.1302

J/(kg.K

at30°C

Thermal 2.0061 2.0025 2.0003 2.0113 2.0125 2.0186 2.0098 2.0147 2.0193

Diffusivity

at30°C

Density (p) 1301.82 1327.04 1335.57 1292.11 1301.82 1322.35 1328.67 1333.16 1342.02

Kg/m?3

at30°C

Kg/m?3

From 4.3, the thermal conductivity of 2.5% wt. Cu PCM Nanocomposite at 60 °C after 50, 100,
and 150 heating cycle varied by 0.3382, 0.3323 and 0.3303 W/(m K), respectively. The effect of
heating cycle number on the thermal behaviour of the composite PCM is observed. With increasing
the temperature to 120 °C, the thermal conductivity of nanocomposite PCM still shows good
reliability as the thermal conductivity after 50, 100, and 150 heating cycles is stated as 0.3265, 0.3222
and 0.3201 W/m K, respectively. There is no significant change in the thermal conductivity after 150
heating cycling and temperature up to 120°C which proves that nanocomposite PCM has good
thermal reliability. Moreover, the specific heat of nanocomposite PCM changed by 0.1378, 0.1342
and 0.1315 J/ (kg.K). whereas the value of thermal diffusivity slightly changed as 2.0061, 2.0025, and
2.0003 W/m2/s, respectively after repeated 50, 100, and 150 heating cycles. These results are almost
negligible for thermal energy storage applications.
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3.5 Differential Scanning Calorimetry (DCS) Analysis

Phase change temperature and latent heat are key performances that determine the thermal
storage capacity contributing to indoor temperature in thermal storage application [18, 21]. DSC
analysis was conducted to investigate the influence of Cu addition on thermal properties such as
melting temperature and the latent heat storage capacity of paraffin and the composite PCMs. The
DSC analysis results for Nanocomposite PCM is shown in Figure 8.

3
1.0%wt Cu [
------------------- 1.5%wt Cu |
______ 2.0%wt Cu ,\
—_—— — — 2.5%wtCu , |
Exo 2 < I \
| | “
=) I
E l
= \
E
o
(7]
(=]
|
Endo
-1 4 N/
] I 1]

L
50 75 100 125 150 175 200 225 250 275 300
Temperature °C

Fig. 8. DSC thermal analysis for PCM nanocomposite

From the DSC curves, the first small peaks are due to solid-to-solid phase transition in the phase
peak, while the second-high peak is due to solid to liquid transition. Adding more concentration of
Cu, increasing the melting temperature to 135.32 °C, 143.97 °C, 151.23 °C and 189.32 °C for 1.0%
Paraffin/Cu, 1.5% Paraffin/Cu, 2.0% Paraffin/Cu and 2.5% Paraffin/Cu, respectively. The results show
that the nano Cu has acted as a nucleation agent and help to increase the rate of crystallization and
reduce the supercooling effect of the paraffin wax. The nano Cu, also, effectively stabilized the
temperature fluctuation of the heated surface to reduce the thermal resistance of melting and
solidification. Table 3 shows the melting and crystallization behaviour for pure PCM and
nanocomposite PCM.

It is important to analyze the materials onset temperature and its peaks during the melting and
crystallization process to quantify its thermal behaviour rate during their practical applications. The
phase change temperature is divided into starting, peak and ending temperatures. The starting and
ending temperatures are the temperatures at the intersection of the extrapolated baseline and the
tangents to the DSC curve drawn at the inflection points to the left and right side of the peak while
the peak temperature is the temperature at the peak point of the DSC curve. In the heating cycle,
melting temperatures of paraffin composites decrease with the increase of Cu nanoparticles since Cu
cause heterogeneous nucleation and the formation of crystalline regions by changing the
arrangement of polymer chains. In the cooling cycles, crystallization temperature decreases by the
addition of Cu nanoparticles due to the random dispersion of re-stacked Cu nanoparticles and the
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limitations in the mobility of polymer chains. However, there are no significant differences in melting
and crystallization temperature values of 0.5wt%, 1wt%, 1.5wt%, and 2.0wt% Cu PCM
Nanocomposite composites.

Table 3
Melting and crystallization behaviour of nanocomposite

Melting Temperature (°C) Crystallization Temperature (°C)

Onset Peak End Onset Peak 1 Peak 2 End
Paraffin Wax -14.82 -3.52 3.34 5.12 4.53 -38.16 2.43
Nanocomposite -13.44 -4.12 0.54 6.32 5.27 -43.05 3.03
0.5%wt
Nanocomposite -14.22 -3.08 191 5.43 3.64 -40.23 1.16
1.0%wt
Nanocomposite -13.42 -4.27 0.43 7.05 5.23 -43.34 3.02
1.5%wt
Nanocomposite -14.01 -2.79 1.87 5.17 3.43 -40.54 1.05
2.0%wt
Nanocomposite -14.12 -3.05 1.76 5.14 3.28 -40.66 1.11
2.5%wt

3.6 Theoretical Models Comparison

Thermal conductivity of Cu nanocomposite PCMs were determined using various models was
used to determine the thermal conductivity of the nanocomposite PCM and the effect of Cu %wt.
added to the composite PCM. A comparison between experimental values of thermal conductivity
with the values predicted by the Maxwell, Hamilton Crossover, Jeffery and Bruggeman models for
nanocomposite PCMs were illustrated in Table 4.

Firstly, the thermal conductivity of the nanocomposite was calculated using the Maxwell model.
Table 4, there was a slight improvement in thermal conductivity for nanocomposite PCM comparing
to pure PCM. The thermal conductivities of composite PCMs with 0.5, 1, 1.5, 2 and 2.5 wt.% of Cu
determined as 0.2568, 0.2593, 0.2582, 0.2601 and 0.2624 W/(m.K), respectively. Hamilton and
Crosser is another important model used for determining the thermal conductivity of nanocomposite
PCM. As it can be observed from the data, the improvement of thermal conductivity of
nanocomposite PCM was noticeable, however, the improvement was not proportional to the
additives of Cu nanoparticles to the PCM composite. Thermal conductivities of composite PCMs with
0.5,1, 1.5, 2 and 2.5 wt.% of Cu are calculated as 0.2634, 0.2677, 0.2698, 0.2681 and 0.2696 W/m K,
respectively. Moreover, the Jeffery model was used to determine the thermal conductivity of
nanocomposite PCM.

From measured data, the thermophysical values were co-linear, unlike the model values that
show a linear increment for the nanocomposite PCM with increase Cu additive. The optimal thermal
conductivity achieved was at 2.5 wt.% of Cu nanoparticles and caused enhancement of 65%. The
Bruggeman model was an effective model to determine the thermal conductivity of nanocomposite
PCM. The obtained results using this model shows that the thermal conductivity of nanocomposite
increases remarkably with the increasing volume fraction of Cu nanoparticles. Data shows that, the
thermal conductivities of composite PCMs with 0.5, 1, 1.5, 2 and 2.5 wt.% of Cu are 0.5361, 0.5879,
0.6321, 0.6498 and 0.6543 W/(m K), respectively.
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Table 4
Comparison of measured and predicted thermal conductivity (\/ Wm-1k-1), data
Thermal Conductivity (\/ Wmk?)
Sample Experimental  Maxwell Hamilton Crossover Jeffery  Bruggeman
model model model  model
PCM 0.2483 n/a n/a n/a n/a
Paraffin

PCM 0.3189 0.2568 0.2634 0.3245 0.5361
nanocomposite
0.5%wt

PCM 0.3227 0.2593 0.2677 0.3267 0.5879
nanocomposite
1.0%wt

PCM 0.3301 0.2582 0.2698 0.3302 0.6321
nanocomposite
1.5%wt

PCM 0.3398 0.2601 0.2681 0.3345 0.6498
nanocomposite
2.0%wt

PCM 0.3492 0.2624 0.2696 0.3366 0.6543
nanocomposite
2.5%wt

4. Conclusion

Summarily, the addition of nanoparticles significantly enhances the phase transition of the PCM.
Copper/paraffin composite phase change materials with different concentrations (0.5 1, 1.5, 2 and
2.5 wt.%) were prepared by a two-step method. The prepared nanocomposite showed a significant
increase in heat transfer rate and thermal conductivity. The results show that as the mass
concentration of Cu nanoparticles increases, the thermal conductivity of Cu/paraffin composites
increases linearly. The addition of 2.5 wt.% copper nanoparticles to the paraffin PCM composite
material resulted in a 39% increase in thermal conductivity. The infrared monitoring experiments
show that more intensive heat transfer occurs in Cu/paraffin, because of the combination of paraffin
with Cu nanoparticles, which had a high thermal conductivity.

The long-term performance analysis for the latent heat and melting point of the developed
Cu/paraffin PCM nanocomposites proved good thermal reliability in proposed applications even after
150 heating cycles. The infrared monitoring experiments show that more intensive heat transfer
occurs in Cu/paraffin, because of the combination of paraffin with Cu nanoparticles, which had a high
thermal conductivity. Also, specific heat and thermal diffusivity have been enhanced by
approximately 16% and 9%, respectively. Moreover, the thermal conductivity of nanocomposite
PCM was compared with different theoretical models such as Maxwell mode, Hamilton Crossover
model, Jeffery model, and Bruggeman model. The result shows a good agreement between the
experimental values and calculated ones. DCS analysis shows that. by adding more Cu nanoparticles,
the melting temperature increased to 135.32°C, 143.97°C, 151.23°C and 189.32°C for 1.0%
Paraffin/Cu, 1.5% Paraffin/Cu, 2.0% Paraffin/Cu and 2.5% Paraffin/Cu, respectively. Among the
different mass concentration of Cu nanoparticles added to PCM composite, the study proved that
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the highest enhancement for PCM nanocomposite was achieved with 2.5%wt additive of Cu
nanoparticles which make it the optimum mass fraction for the nanocomposite PCM. Based on the
observation and analysis, the presented thesis fulfils most of the benchmarked objectives of this
research work. Application of these nanocomposites will accomplish an environment friendly and
cheaper solution to the rising demands of energy. Its application can be home heating and cooling,
seasonal heat storage, waste heat recovery system and more.
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