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Experimental work has been undertaken to improve the thermal conductivity of
the phase change material (PCM), paraffin wax (PW) by adding Al,O; and Cu
particles in increased mass fractions to elevate thermal energy storage efficiency.
Composite PCM of PW-AI,O; and PW-Cu with 5%, 10%, and 15% mass frac-
tions were prepared by sonication. Morphology of micro-structures of PW and
composite PCM were examined using SEM. Thermophysical properties were
measured using standard testing methods. Latent heat and specific heat were
recorded with differential scanning calorimeter. Thermal conductivity was tested
using two slab guarded hot plate apparatus. The results showed an improvement
in thermal conductivity and latent heat of the composite PCM. The enhancement
ratio of thermal conductivity was 10% and 80% for PW-Al,O; and PW-Cu com-
posite PCM respectively at 15 wt.%.
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Introduction

The growing global demand for energy is phenomenal and needs to be urgently ad-
dressed. Depletion of fossil fuels and their harmful effect on the environment creates the ne-
cessity to explore RES like solar energy which is abundantly available in nature. But the in-
termittent nature of its availability calls for storage of energy [1]. The technology used for
storing thermal energy is garnering immense attention in contemporary times because of its
potential for widespread application. Storage of thermal energy can be in the form of sensible,
latent and thermo-chemical heat. Latent heat storage (LHS) technique utilizing PCM is very
popular and widely used because of the superior characteristics exhibited [2].
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A PCM absorbs, stores, and releases enormous quantum of energy called latent heat
of fusion as it changes phase, while it melts and solidifies at the phase change temperature.
Therefore, PCM are also known as LHS materials. Absorption or release of heat also occurs
when change of state happens to the material i.e., when changes occur in the internal structure
of the material. The PCM find widespread usage in areas like domestic refrigerators, thermal
regulation in buildings, air conditioning systems, applications involving energy from the Sun,
cooling electronic gadgets, waste heat recovery systems, etc [3]. The PCM are classified as
organic, inorganic, and eutectic materials. Many experiments have been conducted using PW
as PCM, an organic material, because of the attributes it possesses, like high latent heat, small
volume change, safe, eco-friendly, non-reactive, non-toxic, no phase segregation, low cost, no
supercooling, low vapor pressure in the melt, good thermal and chemical stability, self-
nucleating behaviour, etc., and can be assimilated into thermal energy storage systems without
much problem [2, 4]. However, low thermal conductivity, 0.2-0.24 W/mK, is a major limita-
tion for PW. This reduces the rate at which it stores or releases heat during phase change (i.e.
solid to liquid and vice-versa) and limits its effective use in practical applications. Various
techniques for improving the PCM thermal conductivity are being adopted [5]. This will help
improve the rate of transfer of heat in latent heat thermal energy storage systems (LHTESS)
thereby improving their thermal performance [6].

Dhandayuthapani et al. [7] gathered extensive information that can help in finding
suitable PCM for various applications in LHTESS. Ho and Gao [8] investigated the thermo-
physical properties of paraffin PCM embedded with 5 wt.% and 10 wt.% Al,O3 nanoparticles
and found that with 10 wt.%, the values of thermal conductivity increased by 6%. Jesumathy
et al. [9] conducted experiments on PW combined with copper oxide, CuO, nanoparticles
with 1, 2, 5, and 10 wt.% concentration and noted an increase in the values of thermal conduc-
tivity. Experiments by Wang et al. [10] on paraffin-based composites containing nanocopper
particles with 0.1, 0.5, 1, and 5 wt.% concentration indicated a rise in thermal conductivity by
26% with 5 wt.%. Jagadheeswaran and Pohekar [11] experimented on a shell and tube heat
exchanger embedded with Cu particles. The elevated conductivity of Cu enhanced the system
performance and resulted in a significant reduction in the discharge time — about 28% and
85% with 0.1 and 0.6 volume fractions, respectively. Wu et al. [12] added 1 wt,% Cu particles
to paraffin and the result showed a reduction in melting rate by 13%. Migdam et al. [13] stud-
ied PW thermal conductivity enhancements with the addition of Al,O3 and TiO, nanoparticles
with 1, 2, 3, 4, and 5 wt.%. The relative increase in thermal conductivity was recorded to be
65 for 5% mass fraction for Al,O5 and 40 for 5% mass fraction addition of TiO,. Sakthivel et
al. [14] conducted experiments on PW and Al,O3 nanoparticles with mass fractions of 0% and
3%. Their results indicated that the increase of thermal conductivity of PW was 18.6% with 3
wt.% of Al,O3. Saw et al. [15] experimented on the thermal properties of Cu-PW nanocom-
posite PCM by dispersing 20 nm Cu particles into PW with 0.5, 1.0, 1.5, and 2.0 wt.%. It was
found that thermal conductivity of the nanocomposites showed a respective enhancement of
14.0%, 23.9%, 42.5%, and 46.3%. The goal of this study is to tackle the challenges of low
thermal conductivity of PW by adding metal (Cu) and metal oxide (Al,O3) with increased
mass fractions (up to 15 wt.%) and investigate improvements in thermal conductivity.

Experimentation

The PW (T, = 54-56 °C) with thermal conductivity 0.2 [Wm K], and additives,
Al,O3 and Cu powders have been considered for this study. Stable composite PCM of PW-
Al,O3; and PW-Cu were prepared with 5, 10, and 15 wt.%. Thermophysical properties like



Janumala, E., et al.: Investigations on Phase Change Materials for Enhancement ...
THERMAL SCIENCE: Year 2022, Vol. 26, No. 2A, pp. 955-961 957

thermal conductivity, specific heat, density, and latent heat of fusion of the composite PCM
have been tested using standard testing methods.

Composite PCM - preparation

Probe Sonication was used to prepare composite PCM. The PW was heated to about
70 °C (above its melting temperature). The Al O3 particles were then added to the melted PW
in mass fractions of 5, 10, and15 wt.%. A magnetic stirrer was used to prepare suspensions by
shear mixing at 1000 rpm for 20 minutes. The resultant mixture was probe sonicated for 30
minutes and left to cool till it reaches room temperature. The PW- Al,O3; composite PCM thus
prepared is used for further study. The same procedure was followed to prepare PW-Cu com-
posite PCM.

Result and discussion

Morphology

Morphology of the micro-structure of Al,O3, Cu, and composite PCM has been stud-
ied with SEM. The images on morphology of Al,O3 and Cu, captured by SEM are shown in
figs. 1 and 2. The Al,O3 particles appear to be irregular in shape. Average size of the Al,O;
particles is around 28 microns. The Cu particles appear to be circular in shape. Average size
of the Cu particles is around 40 microns.

P Ny A Bt _1‘--_‘"

e G % d P
AL
SEM HV: 10.0kv | WD: 5.63 mm
Figure 1. The SEM image of Figure 2. The SEM image
Cu powder of Al,O3; powder
Thermal conductivity

Thermal conductivity of samples has been tested following the standard guarded hot
plate method under steady-state conditions. The following equation has been used for calcu-
lating the thermal conductivity of samples:

ivl
ks—-—— 1
2A(Th _Tc ) ( )
Specific heat and latent heat

Differential scanning calorimetry (DSC) method, which is generally used with ther-
mally stable solids, was employed on the sample PCM, to test the specific heat capacity and
latent heat. The normal operating temperature range is from —120 °C to 600 °C.
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Latent Heat
Enthalpy or specifically enthalpy of fusion, H,, is calculated:
EH
H=—2 2
- @
Specific heat

The calculation of specific heat capacity is done using eq. (3), assuming that the
specimen, sapphire standard, and empty specimen holders are weight matched to within 0.1%
of the sample weight:

D.W.
L =C = st ©)
(s) p(st) D, W,

Heat flow into the sample to cause a phase change, the endotherm of PW is shown
in fig. 3. Two separate endothermic peaks indicate two separate crystal structures for the same
material.
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Figure 3. The DSC thermogram of PW

Termophysical properties in tabular form

Test results of thermophysical properties of PW and composite PCM have been ar-
ranged in tab. 1. The results reveal that the PCM show an increasing pattern of thermal con-
ductivity and latent heat as mass fractions of the particles increase. The latent heat increase
may be due to the inter molecular interaction between Al,O3, Cu particles, and PW [16].

Table 1. Thermophysical properties of PW

No. Parameter Density | Thermal conductivity |Latent heat| Specific heat

[kgm 3] [WmK™] [kIkg ] | [kIkgK™]
1 Paraffin wax 810 0.20 166 1.8
2 Paraffin wax + 5 wt.% Al,O; 835 0.21 172 1.8
3 | Paraffin wax + 10 wt.% Al,O4 844 0.21 186 1.8
4 | Paraffin wax + 15 wt.% Al,O5 859 0.22 210 1.7
5 Paraffin wax + 5 wt.% Cu 908 0.28 177 1.7
6 Paraffin wax + 10 wt.% Cu 922 0.31 191 1.7
7 Paraffin wax + 15 wt.% Cu 934 0.36 224 1.6
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Enhancement ratio of thermal conductivity

The thermal conductivity enhancement ratio, v, of of composite PCM has been cal-
culated:

kcom -k
Y= I:—p:l x100 4)
kp
The enhancement ratios of thermal conductivity for 5, 10, and 15 wt.% of composite
PCM have been listed in tab. 2. A significant increase in enhancement ratio of 80% is
achieved at 15 wt.% for PW-Cu composite PCM.

Table 2. Enhancement ratios of thermal conductivity of composite PCM

No. Mass fractions PW- Al,O3 composite PCM y PW-Cu composite PCM
1 5 wt.% 5% 40%
2 10 wt.% 5% 55%
3 15 wt.% 10% 80%

Thermal conductivity variation with temperature

Thermal conductivity in PCM is a property that is widely studied and experimented
with, since it impacts the process of charging and discharging during change of phase. Ther-
mal conductivity changes with respect to temperature plays a crucial role in bettering the per-
formance of LHTESS and therefore, a matter of significant interest for this study. Changes to
the thermal conductivity of PW with respect to temperature can be observed in fig. 4. Thermal
conductivity of PW increases gradually from room temperature in the solid state. It reaches a
maximum of 0.2 [Wm*°C ] at 55 °C (phase-change temperature) and suddenly decreases
thereafter with increase in temperature, as paraffin turns into liquid state. Figure 5 shows
thermal conductivity variation of PW- Al,O3; composite PCM with temperature, from room
temperature to 55 °C, at various mass fractions of Al,O; — with 5 wt.%, 10 wt.%, and 15
wt.%. Thermal conductivity of the composite PCM increases gradually from room tempera-
ture in the solid state and reaches a maximum at 55 °C (phase-change temperature) and sud-
denly decreases when the composite turns into liquid state for all mass fractions. The increas-
ing trend of thermal conductivity as mass fractions of Al,O3 increase can also be noted. Max-
imum thermal conductivity is 0.22 [Wm *°C ] at 15 wt.%.
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Figure 4. Changes to thermal conductivity of Figure 5. Variation of thermal conductivity with

PW with temperature temperature of PW-AI,O; composite PCM
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Figure 6 shows the thermal conductivity variation of PW-Cu Composite PCM with
temperature, for 5, 10, and 15 wt.% of Cu. The same pattern as in PW- Al,O; composite PCM
can be observed here. A significant achievement is that thermal conductivity touches 0.36
[Wm°C™] for 15 wt.%. It can be observed that thermal conductivity increases with tempera-
ture, reaching a maximum at phase change temperature. This can be attributed to increase in
molecular vibrations in the ordered lattice structure of the solid resulting in a rise in thermal
conductivity [17]. Thermal conductivity decreases with temperature after phase change be-
cause the ordered lattice structure of the solid breaks down and becomes disordered when the
solid changes to liquid.
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Figure 6. Variation of thermal conductivity with Figure 7. Comparison of thermal conductivity for
temperature of PW-Cu composite PCM PW, PW-AI,O3 and PW-Cu composite PCM

Comparison of thermal conductivity

Thermal conductivity variation with temperature of PW and composite PCM can be
easily compared when they are plotted on a single graph. Figure 7 shows the graph of PW and
composite PCM at 15 wt.% as the values of thermal conductivity are highest at that mass
fraction. It can be noted that PW-Cu composite PCM acquires maximum thermal conductivity
compared to PW-AI,O3 composite PCM owing to the fact that Cu thermal conductivity is
superior to Al,Os.

Conclusions

e  Thermal conductivity increases as temperature increases and maximizes near the phase
change temperature (55 °C) for PW as well as the composite PCM.

e As the mass fractions of additives are increased, composite PCM show increase in their
thermal conductivity. Maximum thermal conductivity is observed at the highest mass
fraction of 15 wt.%.

e  Thermal conductivity enhancement ratio at 15 wt.% is 10% for PW- Al,O3; composite
PCM and 80% for PW-Cu composite PCM.

e Latent heat of composite PCM is maximum at 15 wt.%, gradually increasing as the mass
fractions of additives is increased.

e  This study unequivocally demonstrates that PW-Cu composite PCM is a suitable materi-
al for LHTESS applications.

Nomenclature

A — specimen area enclosed by the air gap between the central and the
the boundary running midway through guard heater, [m?]
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Cys — Specific heat capacity of k — thermal conductivity, [WmK™]
the specimen, [Jkg K] keom  — thermal conductivity of composite
Cosy — Specific heat capacity of PCM, [Wm™K™
the sapphire standard, [Jkg™K™] [ — thermal conductivity of PW, [WmK™]
D, — vertical displacement between | — thickness of specimen during test, [m]
the specimen holder and T — temperature, [K]
the specimen DSC thermal curves at a T — temperature of hot plate, [K]
given temperature, [m] T, — temperature of cold plate, [K]
Dy — vertical displacement between Tm — melting temperature, [K]
the specimen holder and v — potential drop, [V]
the sapphire DSC thermal curves at a w — mass of the specimen, [mg]
given temperature, [m] Ws — mass of specimen, [mg]
E — dimensionless calibration constant Wy —mass of sapphire standard, [mg]
H — enthalpy of fusion
(or crystallization), [Jg™] Greek symbol
H, — oberved enthalpy of fusion 17 thermal conductivity enhancement
(or crystallization), [mJ] ratio, [%]
i — current through the central heater, [A]
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