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Abstract

The inherent thermal characteristics, supercooling phenomenon, and corrosion issues
associated with salt hydrate phase change materials (PCMs) limit their practical applications.
In this research work, we report a newly formulated eutectic salt hydrate PCM using a) sodium
sulphate decahydrate (SSD) & b) sodium phosphate dibasic dodecahydrate (SPDD); with a
focus on customizing its properties to enhance its suitability for low temperature thermal
regulation (achieving a melting point of 27.8 °C and a high heat storage capacity of 215 J/g).
Additionally, we have successfully reduced the degree of supercooling and introduced
corrosion resistant properties to this PCM. To enhance both the thermal energy transfer rate
and optical absorbance of the eutectic PCM, we have incorporated one-dimensional (1D)
multiwall carbon nanotube (MWCNT) at various weight fractions, extending up to 0.9%,
utilizing a two-step method. The dispersion and chemical stability of SSD/SPDD+MWCNT
nanocomposite are verified through the morphological visual and spectral peaks obtained in
Fourier transfer infrared spectroscopy. Additionally, studies evaluating the optical and thermal
property reveal a substantial 500% increase in absorbance, a notable 77.9% reduction in
transmissibility, a thermal conductivity increase from 0.464 W/m-K to 0.742 W/m:-K
(reflecting a 59.9% increment), and the retention of a consistent melting enthalpy of 218.6 J/g.
This stability is attributed to the intermolecular interaction with MWCNT. Similary, the degree
of supercooling (ATs) for the SSD/SPDD EPCM containing MWCNT decreased to 2.2 °C from
16.5 °C, marking an 86% reduction compared to the pure eutectic salt solution. Furthermore,

this composite demonstrated enhanced thermal and chemical stability throughout 200 thermal
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cycles. Auxiliary ANSYS simulation, with transient boundary condition, are provided to
analyze the heat transfer interactions between the thermic fluid and the newly developed PCM
when integrated into a thermal regulation system. Subsequently, a corrosion analysis of the
developed eutectic PCM and the nanocomposite eutectic PCM exhibits a corrosion rate of
0.018 mpy, well below the permissible level (< 5mpy). The insights gained from the
development of this nanocomposite PCM offer valuable guidance for the design and creation
of tailored eutectic PCM for low-temperature thermal regulation systems, resulting in

significant energy savings.

Keywords: Eutectic Phase Change Material; Multi-wall CNT; Salt hydrate; Thermal Energy
Storage; Thermal stability

Highlights

e SSD/SPDD+MWCNT emerges as a promising candidate for low temperature thermal
regulation.

e Impact of MWCNTSs on the optical & thermodynamic property of the eutectic PCM is
assessed.

e Eutectic PCM containing MWCNTSs exhibits a reduced degree of supercooling (2.2 °C).

e Corrosion rate for the aluminium sample is 0.018 mpy which is in permissible limit.
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1.0 Introduction

The increasing concentration of greenhouse gas emissions and environmental pollution
has prompted extensive research into the effective utilization of green and renewable energy
sources’ . While the exploration of new renewable energy source has become the primary
research focus, equal importance is placed on the development of energy storage devices and
systems®. Energy storage devices hold promise in bridging the gap between energy demand
and supply, facilitating the reliable integration of renewable energy sources for energy
consumption®. Thermal energy storage (TES) in the form of sensible and latent heat has
garnered significant attention over the past decade®. One predominant technique employed for
storing thermal energy involves the use of phase change materials (PCMs). Fascinated by the
ability like a) potential to store energy with wide range of temperature; b) less volumetric
expansion; ¢) high energy density® and d) stability over longer service, it is intriguing to explore
PCM for TES applications’. Nevertheless, PCMs suffer from limitations such as low thermal
conductivity, poor optical absorbance, and issues with supercooling®. In the meantime, eutectic
phase change materials (EPCMs) (combination of two or more PCMs) offer the advantage of
developing a) organic-organic EPCM, b) organic-inorganic EPCM, or c) inorganic-inorganic
EPCMs tailored to meet the specific thermal requirements of a desired application, thereby
overcoming inherent drawbacks. The three unique characteristics of EPCMs are: a)
Immiscibility in solid phase, b) Non-reactivity between the components in eutectic mixture and
c) Achievability of preferred melting temperature depending on the intended application. The
majority of research efforts are focused on the development of binary and ternary EPCMs using
organic fatty acids® and sugar alcohols™’.

It is well-established that inorganic salt hydrate PCMs possess higher thermal
properties and energy density when compared to organic PCMs. Owing to the degree of
supercooling (ATs) & phase instability nature, inorganic-inorganic EPCM is of very limited
use. On the context, Li et al.** in his research work prepared a binary EPCM by mixing
CaCl2-6H20 and MgCl2.6H20. They experimented with different weight percentage (ranging
from 10-25 wt%) of MgCl..6H20 blended with CaCl,:6H.O to determine the optimal
proportion that exhibited superior thermal characteristics. To address issues related to the
degree of phase and supercooling, in the developed EPCM, SrCO3z and SrCl;-6H,0O were
blended as nucleating agents, and hydroxyethyl cellulose was included as thickener. The
supercooling of CaCl,-6H>0 was observed at a temperature of 17 °C, while the phase transition
temperature was 23.7°C. The results showed that a mixture of CaCl,-6H20:MgCl2.6H,0 at a
ratio of 75:25 wt% resulted in eutectic melting of 21.7 °C with a latent heat of 102 J/g.
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However, the eutectic PCM only exhibited a reduction in the degree of supercooling by 2 °C.
In another work, Zhang et al.'” dispersed expanded perlite with the eutectic mixture of
magnesium chloride hexahydrate and calcium chloride hexahydrate to investigate its chemical
and thermal stability. The results ensure a drop in latent heat to 73.55 J/g, accompanied by a
significant reduction in thermal conductivity from 0.732 W/m-K to 0.144 W/m-K. Meanwhile,
the developed eutectic exhibited good thermal reliability over an extended service life. A deep
eutectic solvent consisting of choline chloride and calcium chloride hexahydrate was developed
by Shahbaz et al.*® for the purpose of thermal regulation in buildings. The deep eutectic solvent
offered an energy storage potential of 130 J/g with a melting point of 23 °C. Liu and Yang**
prepared an EPCM mixture using Na2SO4-10H20 and Na;HPO4-12H0, operating at 31.2 °C,
with a focus on solar heating units. To further enhance the thermo physical properties, Al.O3
was dispersed. The results depict a reduction in supercooling from 7.8 °C to 1.6 °C, along with
a significant decrease in melting enthalpy. Similarly, Fang et al.'® prepared a binary EPCM of
Naz2S04-10H,0 and Na;HPO4-12H,0 by substituting weight fractions of Na;HPO4-12H,0
with 15% and 20% of NaxSO4-10H20 to establish the ideal eutectic mixture ratio. By
incorporating 2.5 wt% of Na>SiO3-9H-0 as a nucleating agent and 30 wt% porous fumed silica,
they achieved a 31.9% reduction in energy storage capacity while successfully creating a foam-
stable PCM. A binary eutectic PCM of Na2SO4-10H20 and NazHPO4-12H20 was mixed at 1:4
mass ratio with SiO, nanoparticles and Na2SiOs was used as silica precursor®. The objective
was to create a shape-stabilizing PCM, and a novel preparation method was employed. It was
observed that this preparation technique led to a significant reduction in latent heat to 27.3 J/g.
Liu et al.'” attempted to prepare an economically viable shape-stabilized PCM using fly ash as
a carrier material, incorporating a binary EPCM of Na>S0O4-10H20+NaHPO4-12H>0 mixed
at a ratio of 69:25 wt%. The proportion of Na>;SO4-10H20 with Na;HPO4-12H>0O was
determined through a trial and error method, by substituting NaHPO4-12H20 with 10%, 15%,
20%, 25%, 30%, 35%, and 40% of Na>SO4-10H.0. Additionally, 2wt% & 4wt% of
carboxymethyl cellulose (CMC) were respectively used to address phase instability and reduce
the ATs. The prepared fly ash based EPCM showed an energy storage capacity 106.9 J/g.
Utilising Na;S04-10H,0 and Na,HPQ4-12H,0, Xin et al.*® also created an inorganic eutectic
PCM. The primary objective was to ascertain how nucleating and thickening agents influenced
the ATs and phase instability. The combination of borax and aluminium nitride powder (AIN)
with a 1.8% nm size resulted in a reduction of supercooling to 3.1 °C. Liu et al.*® prepared a
binary eutectic PCM with a 40:60 wt% ratio of Na2CO3z-10H20 to Na,HPO4-12H>0. The main

objective of this study was to analyze the thermophysical characteristics of the binary eutectic
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PCMs. In this study, the ratio of Na2CO3-10H20 to Na,HPO4-12H,0 was determined using a
trial-and-error method by substituting various amounts of Na,COs-10H.O for
NaxHPO4-12H,0: 10%, 20%, 30%, 40%, 50%, 60%, and 70%, respectively. It should be noted
that the Schrader equation, typically used for eutectic mixtures, did not apply to this specific
eutectic percentage. The goal of the study was to formulate a binary eutectic PCM using
Na2,C0O3-10H20 and Na,HPO4-12H,0 and evaluate the reduction in supercooling at heating
rates of 5 °C/min and 1 °C/min, resulting in temperature of 15.8°C & 3.6°C. Furthermore, Liu
and Yang?’ investigated on the thermal performance enhancement of the Na,COs-10H,0 and
Na;HPO4-12H,0 EPCM by incorporating expanded graphite oxide. They observed a lower
degree of supercooling attributed to the abundance of surface oxygen functional groups and
surface defects. The developed nanocomposite sample exhibited thermal stability through 200
thermal cycles. Wu et al.?* developed a binary EPCM of Na2SO4-10H,0+NazHPO4-12H0 at
a 50:50 wt% mixture, although they did not provide an explanation for the mass ratio
proportion between Na;SO4-10H.0 and Na;HPO4-12H,0. To improve the thermal properties
and stability of EPCM, they used 14.2 wt% of expanded graphite (EG), 4 wt% of borax & 2
wt% of CMC as a nanoparticle, nucleating agent and thickening agent respectively. To solve
the challenges of phase instability and leakage, Xie et al.?* developed a form-stable PCM with
a polyurethane coating. In this study, they selected a eutectic mixture of sodium carbonate
decahydrate and disodium hydrogen phosphate dodecahydrate as a PCM. Upon evaluation, the
melting enthalpy of the stable PCM was determined to be 102.6 J/g, and it exhibited a negligible
degree of supercooling. Furthermore, when subjected to a thermal cycling test and analysed
using a thermogravimetric analyzer (TGA), the results demonstrated excellent thermal
reliability and stability. Similary, Zhang et al.?® developed a shape-stabilized PCM by utilizing
waste plastics as a supporting material to address phase instability and prevent leakage issues.
Nonetheless, the application of plastic as a supporting material in combination with inorganic
PCM has not been extensively explored yet. In another study, Ling et al.* prepared an EPCM
using MgCl>.6H20 and Mg(NO3)2.6H20 for solar water heating application. This EPCM has a
eutectic temperature of 58 °C and enthalpy of 127 J/g. To further enhance the thermal property
of the developed EPCM, SiO2 nanoparticles were dispersed, and results showed only a 5%
increment in thermal conductivity. Xie et al.?® conducted an investigation by impregnating a
eutectic mixture of Na:SO4-10H20 and Na:COs-10H20 into expanded vermiculite. The
resulting nanocomposite exhibited a phase transition temperature of 24 °C with a heating
enthalpy of 110.3 J/g. Zou et al.?® developed a shape-stabilized PCM with a superabsorbent
polymer as the outer coating and a eutectic mixture of Na;HPO4-12H,0 & K>HPO4-3H20.
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They conducted an evaluation of various thermophysical characteristics of the nanocomposites
, including melting temperature, thermal stability, supercooling, and thermal conductivity. The
results showed a negligible degree of supercooling, a melting temperature of 24.13 °C, a
melting enthalpy of 172 J/g, and a thermal conductivity of 0.474 W/m-K. However, it is worth
noting that EPCMs operating at lower temperature with a melting enthalpy of 200 J/g or higher
are rarely reported to date, and the impact of carbon nanoparticles on enhancing thermophysical
characteristic in such EPCMs remains largely unexplored.

Based on the literature discussed, it is evident that significant research experiments have
been conducted in the development of EPCMs using organic fatty acids®, sugar alcohol-based
eutectic mixtures'®, and salt hydrate EPCMs with inorganic salt hydrate PCMs. However, there
is a notable gap in the exploration of the energy storage potential of inorganic salt hydrate-
based EPCMs operating at low temperatures with high melting enthalpy. This gap exists
primarily due to three challenging issues that hinder the practical application of salt hydrate
PCMs: (1) non-tunable thermal characteristics (or thermophysical properties), including a fixed
latent heat and low thermal conductivity, (2) their corrosive nature, and (3) the problem of
supercooling. Upon careful examination, it is inferred that EPCM, owing to its structural
differences, marginal density variations, and crystallisation behaviour, is expected to
substantially reduce the degree of supercooling. Since the eutectic mixture percentage was
determined through a trial-and-error approach, it’s important to note that the inorganic-
inorganic binary eutectic PCM composed of Na2SO4-10H20 and NazHPO4-12H20 developed
by the researchers does not conform to the Schrader equation. In contrast, varying ratios of the
eutectic mixture are employed for like combinations of salt hydrate PCM to achieve a single
phase transition temperature. To tackle the previously mentioned issue, the authors employ the
Schrader equation to calculate the eutectic composition. Subsequently, they experimentally
prepare the PCM using the calculated eutectic ratio to decide the thermophysical
characteristics. The eutectic ratio of sodium phosphate dibasic dodecahydrate and sodium
sulphate decahydrate differs from the results of previous investigations. In this study, we
created a novel eutectic nanocomposite PCM consisting of two salt hydrates: a) sodium
sulphate decahydrate (SSD) & b) sodium phosphate dibasic dodecahydrate (SPDD), along with
multi-walled carbon nanotube (MWCNT) nanoparticles. This PCM is designed to operate at a
temperature of 27.8 °C and possess a melting enthalpy of 215 J/g, as calculated using the
Schrader equation. MWCNTSs offer significant advantages due to their large aspect ratio and
surface area. They also facilitate the formation of well-developed thermal networks, thanks to
their inherently high thermal conductivity. The aim of the current experimental research is to
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expedite the enhancement of thermal conductivity in the binary EPCM, improve optical
absorbance, and address the issue of supercooling by incorporating MWCNTS. The developed
nanocomposite PCM has undergone experimental characterization, including the assessments
of its morphological and chemical stability, optical absorbance and transmissibility, energy
storage potential, phase transition temperature, thermal conductivity, degree of supercooling,
and thermal stability. Inspired by the promising thermal and optical properties, as well as the
stability of the developed nanocomposite PCM, we conducted heat transfer performance
analysis using ANSY'S simulation. This analysis aims to provide a deeper insights into the
solidification and melting processes of the developed binary eutectic PCM within thermal
energy storage units. Additionally, we conducted a corrosion analysis to assess the corrosion
rate of aluminium plate exposed to the salt hydrate eutectic PCM over a 90-day period. Our
research endeavours in formulating and developing this unexplored combination of EPCM are
expected to pave the way for innovative research in sustainability and enhance the opportunities

for the commercialization of PCM technology.

2.0 Experimental Section

2.1 Materials

Salt hydrate sodium sulphate decahydrate (Na,S0,.10H,0) (99% purity) having a
molar mass of 322.19 g/mol and sodium phosphate dibasic dodecahydrate (Na,HPO,.12H,0)
(99% purity) having a molar mass 358.1 g/mol, used for the research exploration were procured
from Sigma Aldrich (Germany). MWCNT with inner and outer diameter of 5-10 nm and 10-
20 nm, used in this investigation was purchased US Research Nanomaterials, Inc. Other
physical characteristic of MWCNT includes, length to be 10-30 um, specific surface area of
200 m?/g with 2100 kg/m?® density. The manufacturing technique involved in preparation of
MWCNT nanoparticle was chemical vapour deposition.

2.2 Design procedure for development of SSD/SPDD eutectic mixture ratio

The point at which two or more components undergo phase transition identically is
termed as eutectic melting point, and the corresponding proportion of the component is the
eutectic mixture weight fraction. In general, binary EPCM, involves two base component,
ternary EPCM involves three base PCM component and so on. This section provides
information on the procedure to determine the eutectic point and eutectic mixture ratio of the
salt hydrate PCM component opted in this research. In this research investigation the major
focus is on developing a binary EPCM (involving two components) for low temperature

application. Phase transition of any PCM is expected to be isothermal in nature with a fixed
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phase transition point, as it is very predominant factor to be consider while developing an
EPCM. In general, the, eutectic point of any two components can be designed by a) prediction
testing method (Phase diagram) and b) proportion testing method [Differential Scanning
Calorimetry (DSC) instrument]. Considering the number of samples to be tested in DSC, and
to minimize the cost we adopt the numerical prediction method with the help of Schroeder-Van
Laar equation®’ to determine the eutectic point. The binary eutectic melting point and its
associated proportion, the eutectic mixture ratio, are the points where the curves of the two
concerned components overlap. A variant of the phase equilibrium concept?® is the Schrader
equation as in (1) and (2) that offers a correlation between the thermal properties of the planned

eutectic mixture at altered compositions.

-1
_ 1 . InXy
T = |7 = Rt | @
1 InX -1
_ . B
Tm = [To,B R.AHm,B] @

Note: Tm denotes the binary eutectic mixture's melting point in Kelvin; Toa and Tog denotes
the onset melting points of components A and B in Kelvin; and Xa and Xg denotes the eutectic
mixture's proportion in mole percent. The melting enthalpy of components A and B is shown
by the symbols AHm A & AHmg in ki-kmol™. In the aforementioned equations (1) and (2), the
gas constant, R, is indicated and equals 8.314 kJ-kmol*-K™1. The melting enthalpy during phase
transition is a crucial thermophysical characteristic of the planned EPCM and is calculated

using equation (3)*°

Heu = Tou X [P0 + {Xi. (Cu = Cpsp)- In 22| ©

T;

Note: Hey and Tey Stand for the eutectic mixture's melting enthalpy and melting temperature in
kJ-molt and K, respectively; Xi stands for the component i's fraction in mole percent.
Additionally, Cpii & Cpsi Which are expressed in ki-kg™*C™, are the specific heat capacity in both
the solid and liquid states.

2.3 Preparation of MWCNT dispersed binary EPCM

Solid inorganic salt hydrate PCM crystal of SSD and SPDD at a weight ratio of 62%
and 38% as designed and calculated using Schrader equation is weighed and taken to develop
binary EPCM experimentally. SSD and SPDD were precisely weighed as per the
aforementioned proportion and heated using a hot plate at 60 °C as illustrated in Figure 1. To
ensure homogenous mixture, the melted eutectic mixture is sonicated using bath sonicator for

30 minutes. Now to further boost the thermal conductive nature, optical absorptivity and
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thermal reliability of the developed EPCM, MWCNT nanoparticles are interpenetrated within
the eutectic mixture. In the current investigation, MWCNT nanoparticles are dispersed and
penetrated with SSD/SPDD eutectic mixture at weight fraction of 0.1%, 0.3%, 0.5%, 0.7% and
0.9%. Initially 20 g of the above-developed SSD/SPDD EPCM is weighed and mixed with 0.02
g of MWCNT nanoparticle in the liquid state PCM. The composite mixture consisting of
MWCNT and SSD/SPDD were sonicated with the help of water bath sonicator for 60 minutes
with caution to ensure that the nanotubes are not damaged. To ensure no chemical reactions to
be taken place between the composite, the samples are further investigated using IR
spectroscopy. SSD/SPDD EPCM samples with MWCNT of 0.1%, 0.3%, 0.5%, 0.7% and 0.9%
is symbolized as SSD/SPDD+0.1IMWCNT, SSD/SPDD+0.3MWCNT,
SSD/SPDD+0.5MWCNT, SSD/SPDD+0.7MWCNT & SSD/SPDD+0.9MWCNT,
respectively. In addition to the preparation technique (Supplementary S1; Appendix I) also
provides the granular structure visuals of a) SSD, b) SPDD & c¢) SSD/SPDD EPCM for better
understanding of the inorganic salt hydrate PCM morphology. Details in regard to sensitive

instruments and characterisation techniques are provided in (Supplementary; Appendix I1).

Sodium Sulphate Sodium Phosphate EutecticPCM
Decahydrate Dibasic Dodecahydrate SSD/SPDD sl SER SRR
—
C

-\
®
¢y

Figure 1: Detailed preparation procedure of SSD/SPDD binary EPCM with dispersion of
MWCNT

2.4 Boundary Condition for Numerical Simulation of Solidification/Melting of
composite PCM

ANSYS simulated numerical analysis of the developed MWCNT@SSD/SPDD EPCM

composite is conducted to evaluate the solidification and melting process of the developed

nanocomposite on real time thermal energy transfer system. In this analysis thermic fluid (H20)

is heated with the help of developed MWCNT@SSD/SPDD, the inlet fluid temperature is

considered to be 293 K (20 °C) with mass velocity of 0.05 kg/s. Thermic fluid and PCM are

in concentric tube as in Figure 2, using which a 3D transient simulation is conducted. The
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dimensions of the concentric tubes are, thermic fluid carrying pipe with inner diameter 25 mm
with 1 mm thickness, and PCM filled pipe with inner diameter of 50 mm and 1 mm thickness.
The outer surface of the PCM filled tube at a temperature of 320 K (47 °C) is maintained
constant. The material properties of the binary EPCM and nanocomposite EPCM is provided
in (Supplementary T1-T2; Appendix III).
3.0 Results and Discussion

In this research investigation morphological, chemical, optical and thermal behaviours
of the state-of-the-art low temperature salt hydrate PCM is analysed by penetrating one-
dimensional MWCNT nanoparticles. Insightful observations, inferences and results are

discussed below:

a)

@ PCM (SSD/SPDD+0.5MWCNT) Ty 320K
I 3 1
| Pi
nner Pipe PCM (SSD/SPDD+0.5MWCNT)
Tiner=293K Thermic Fluid

Outer Pipe PCM (SSD/SPDD+0.5MWCNT)

Thermic Flid TTTT T Tl TTTTT1

Figure 2: a) Model of concentric pipe with thermic fluid and charged nanocomposite PCM; b)
Boundary condition and lateral view of the concentric tube

3.1 Theoretical aspects of formulation of binary EPCM

In accordance with the design process described in Section 2.2, we formulate and
developed a binary eutectic composition for estimating the eutectic melting point (Tey) and
melting enthalpy (AHeu). The phase diagram of a binary eutectic mixture is shown in Figure
3a, where the abscissa indicates the salt hydrate's composition (SSPD on the left and SSD on
the right) and the ordinate the salt hydrate's phase transition temperature. The onset melting
temperatures of SPDD and SSD are 37 °C and 33 °C, respectively, as inferred from Figure 3a.
Eutectic point is determined by varying the proportion of SSD with SPDD, increasing SSD
composition with SPDD, reduces the phase transition temperature of SPDD and it occurs vice
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versa with SPDD mixture with SSD. Until a common intersection is found, this composition is
changed. The eutectic point is the location, where the eutectic SSD/SPDD mixture melts
simultaneously. The eutectic mixture ratio, or composition that corresponds to the eutectic
point, is identical to 62% SSD & 38% SPDD. The solid-liquid phase of the eutectic mixture is
indicated by the line, which represents the phase transition curve. It is clear that the Tey (27.8
°C) for eutectic mixtures are lesser than the onset Tm, of pure salt hydrates (Tm=33 °C for SSD
& Tm=37 °C for SPDD), which is attributed because of the increase in impurity, where an
increase in entropy generation tends to lower the melting point of mixture3®3L. According to
the Gibbs free energy (AG°®) equations , the variations in enthalpy and variation entropy have
an unfavourable impact on the value of AG°. While change in entropy is the contributing factor
that results in a lower eutectic point than pure salt hydrate, change in enthalpy is practically
identical for a pure and impure solid due to the equal intermolecular force®?. Atomic mobility
among solid-state molecules results in very less variation in entropy, whereas increased
disorder in liquids results in higher variation in entropy. The eutectic PCMs' decreased melting
enthalpy is explained by this phenomenon. Phase transition from salt to liquid happens when
the eutectic binary combination is heated above the eutectic point. Therefore, the ability of
PCMs to store heat energy, or latent heat, is another important thermal feature to take into
consideration when choosing or creating a eutectic mixture PCM. The aforementioned equation
(3) is used to calculate the latent heat of the EPCMs, as shown in Figure 3b, along with the
eutectic compositions of each material on the X-axis. According to a numerical evaluation, the
binary EPCM SSD/SPDD is designed to have a latent heat value of 215 J/g. Compared to SSD
and SPDD, the enthalpy of SSD/SPDD (215 J/g) is slightly less at the eutectic percentage. It is
important to note that the impure solid (a mixture of two or more components) results in an
increase in free energy (G°), entropy generation, and a minor decrease in the latent heat of the
formed EPCM.
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Figure 3: a) Eutectic melting point of SSD/SPDD b) Heat storage enthalpy bars of SSD/SPDD
at different eutectic ratio.

3.2 Morphological analysis of MWCNTSs, SSD, SPDD and SSD/SPDD/MWCNT
composites

The scanning electron microscope (SEM) images of nanoparticle (MWCNT), low
temperature pure salt hydrates SSD and SPDD, developed binary EPCM (SSD/SPDD) and the
nanoparticle dispersed EPCMs (SSD/SPDD+MWCNT) are exposed in Figure 4. SEM profile
of the procured MWCNT were depicted to analyse the microscopic structure of the
nanoparticle. It can be inferred from the visuals in Figure 4a that the MWCNT nanoparticles
are, one dimensional thread like structure of tangled bundled with uniform size and shape.
MWCNT is beneficial as they exhibit large aspect ratio and surface area, as well supports
formation of well-developed thermal networks owing to their higher thermal conductivity
nature. In addition, the authors have provided the morphological visuals of SSD and SPDD
captured using cold storage facility due to the low melting point of the salt hydrates. In Figure
4b the SEM visual of SSD shows very tiny pores and micro structured spherical balls clustered
together, as well SPDD in Figure 4c exhibits a granular crystal with cubical bar structure. Also
Figure 4d shows the SEM image of 62% of SSD and 38% SPDD in solid state. The salt hydrate
EPCM consists of tiny pore of spherical ball clusters signifying the existence of SSD and
granular structure cubical bar like structure ensuring the presence of SPDD. It can also be
observed that the presence of SPDD in eutectic mixture is more like corrugated sheets® of
cubical shape as can be closely viewed as Figure 4e. The changes between the pure base and
the eutectic mixture might be owing to the reason that with interaction between the hydrated
salts during new crystal growth their might be changes in surface energy resulting in size and

shape of the crystal®. Additionally, Figure 4e also delivers the existence of MWCNT dispersed
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355 salt hydrate EPCM. In most existing literature, the presence of nanoparticle specifically
356  MWCNT irrespective of the melting point of the base PCM is not well visualized. However,
357  the present SEM results will attract researchers to explore further and understand the thermal
358  network propagation of MWCNT, and crystal growth of low temperature salt hydrate EPCMs.

00kV 5.9mm x1.00k SE

HFlLab'5.00kV 6.0mm x2.50k SE L s Oum

360  Figure 4: Morphological visuals of a) MWCNT, b) SSD, c¢) SPDD, d) SSD/SPDD eutectic
361  composite and e) MWCNT distributed SSD/SPDD binary EPCM composite

359
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3.3 Spectral Peak analysis

Chemical stability of binary EPCM (SSD/SPDD) and its MWCNT dispersed
nanocomposite of are investigated using FTIR spectral peaks. Figure 5 shows the FTIR spectral
peaks of salt hydrates a) SSD, b) SPDD; the developed binary EPCM (SSD/SPDD); and
various nanocomposite of the developed EPCM with MWCNT at various weight percent. To
begin with, the FTIR spectral curve for SSD salt hydrate PCM is analysed. Three sharp peaks
in the finger group region at wavenumber 1082 cm™, 618 cm™ & 487 cm™; and two wide band
at function group region is noticed, the former strong peak at wavenumber 3250-3550 cm™ and
later a weak peak at wavenumber 1605-1710 cm™. Sharp absorption peak of SOs* with
asymmetric stretching vibration is noticed around 1082 cm™. Another asymmetric angular
absorption peak of SO42"is noticed around 618 cm™ and 487 cm™ 3. Former wider peak around
3250-3550 cmt indicates the stretching vibration of the water molecule®. Meanwhile, the later
weak peak around 1605-1710 cm™ represents the rocking and scissoring angular vibration of
water molecule. Likewise, spectral curve of SPDD salt hydrate PCM depicts three peaks (sharp
peak at 1074 cm™ & 987 cmin the finger group region and a wide peak around 2900-3600
cm at the functional group region). Wide peak 2900-3600 cm™ indicates the O-H vibration
peak due to water molecule crystallisation®. And the sharp peak at 1074 cm™ denotes the P-O
stretching vibration and peak at 987 cm™ denotes the PO-H bending vibrational peak®’.

FTIR spectral curve of the developed binary EPCM indicates sharp peaks in finger
group region around wavenumber 487 cm™, 618 cm™, 987 cm™* and 1078 cm. Equally it also
produces a weak wide peak around 1605-1714 cm™ and an intense wide peak around
wavenumber 2960-3580 cm™. It can be inferred that all spectral peaks observed in pure salt
hydrate PCM sample SSD and SPDD are seen in the developed binary EPCM (SSD/SPDD)
ensuring the proper formation of the newly developed PCM. Additionally, all the nano
composite SSD/SPDD+MWCNT with various weight fraction ensures the availability of
similar peaks present in the developed EPCM. Moreover, no new sharp or wide peaks are
observed in the nano composite of MWCNT penetrated EPCM, which also ensures no chemical
reaction to occur and the samples are physically mixed.
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Figure 5: FT-IR spectra of pure SSD, SPDD salt hydrate and SSD/SPDD+MWCNT composites

3.4 Optical property of MWCNT dispersed binary EPCM

In this section, the photo optical absorptivity and transmissibility of MWCNT
nanoparticle penetrated SSD/SPDD binary EPCM is analysed. Monochromatic beam of light
rays is passed to the solid sample specimen using UV-Vis spectroscopy to assess the
absorbance and transmittance characteristics. Figure 6 presents the absorbance and
transmissibility nature of SSD/SPDD+MWCNT nanocomposite samples at various weight
percentage in the wavelength of 280 nm to 1400 nm. Commonly solar energy consists of three
maximum available regions namely a) Ultraviolet (280-380 nm) b) Visible region (380-740
nm) and c) Near infrared (740-1400 nm). From Figure 6a it is clear that pure salt hydrate
PCMs, SSD (0.16 absorbance) and SPDD (0.22 absorbance) exhibit lower absorbance
Likewise, due to excess water content and lowered melting point the developed SSD/SPDD
EPCM display a lower of 0.13 absorbance within the wavelength 280-1400 nm. Nevertheless,
with penetration of MWCNT within the surface of SSD/SPDD better increment in absorbance
of solar radiation is observed in Figure 6a. MWCNT at weight percentage of 0.1 wt%, 0.3 wt%,
0.5 wt%, 0.7 wt% and 0.9 wt% with SDD/SPDD enhances the absorbance to 0.48, 0.531, 0.56,
0.64 and 0.78, respectively. This is ascribed by the active nature of MWCNT in the UV-Vis
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409  region owing to ID Van Hove singularities®®. In case of bundled MWCNT, the
410 photoluminescence gets quenched due to the bundling and tunnelling between the nanotubes
411 and replicates in lower absorbance of radiation®. Hence, absorbance of solar radiation with in
412 the UV region is directly proportionate to the extent of de-bundled MWCNT. In addition,
413  penetration of MWCNT within the developed SSD/SPDD EPCM, reveal a darker coloured
414  nature of the nanocomposite compared to the EPCM and contributes for better absorbance®.
415 Most PCMs are transmissible in nature owing to the white surface texture. It can be
416  understood from the transmissibility curves in Figure 6b that, increase in proportion of
417  MWCNT penetration with SSD/SPDD effectively contribute in reducing the transmittance of
418 light radiation. As absorbance and transmittance are inversely proportional, increase in
419  absorbance has resulted in decrease in transmittance nature. On further calculation and
420 validation with the data from Gueymard*', the transmittance percentage of developed
421  SSD/SPDD EPCM is 74.2%. Similarly, for MWCNT dispersed SSD/SPDD at weight
422 percentage of 0.1 wt%, 0.3 wt%, 0.5 wt%, 0.7 wt% and 0.9 wt% with SSD/SPDD salt hydrate
423 s 33.5%, 28.8%, 27.55%, 22.1% and 16.4% correspondingly.
.o.s
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< 40
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400 600 800 1000 1200 1400 400 600 800 1000 1200
421 Wavelength (nm) Wavelength (nm)
425  Figure 6: UV Vis spectroscopy analysis of SSD/SPDD+MWCNT samples a) Absorbance & b)
426  Transmittance
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3.5 Thermal conductivity of SSD/SPDD/MWCNT and enhancement mechanism

TES of the prepared salt hydrate EPCM, significantly depends on its thermal conductive
nature. Rate of energy storage in PCM is desirable based on the thermal conductive of the
PCM. Though inorganic PCM, exhibit higher thermal conductivity compared to organic PCM,
any further improvement is expected to make remarkable contribution with energy storage
application. Figure 7 presents the heat transfer enhancement mechanism on penetration
MWCNT with SSD/SPDD; in addition, it also depicts the thermal conductivity of
SSD/SPDD+MWCNT at various weight percent. The interaction between nanomaterials and
the base PCM matrix are of utmost importance to understand the heat transfer enhancement
mechanism. On a whole, the intermolecular thermal resistance is high in case of base PCM,
and dispersion of nanomaterial will form well-developed thermal network overcoming the
thermal resistance. It can be discussed schematic using Figure 7a, the role of MWCNT
nanomaterial is establishing thermal network. On a whole the dispersed MWCNT is a reliable
filler to improve the conductive nature and in establishing a support for effective crystallization
owing to its higher thermal conductivity of 2000-600 W/m-K“?. The one dimensional, thread
shaped MWCNT on dispersion with SSD/SPDD EPCM, effectively penetrates the surface of
SSD/SPDD and creates a better interconnected networks for heat transfer to occur.
Nevertheless at higher proportion the MWCNT bundles themselves, forms cluster and
quenches and fails to develop thermal network, henceforth the proportion of MWCNT in the
prepared SSD/SPDD salt hydrate EPCM is noteworthy. Figure 7b displays the increase in
thermal conductivity of nano composite SSD/SPDD+0.1MWCNT, SSD/SPDD+0.3MWCNT,
SSD/SPDD+0.5MWCNT, SSD/SPDD+0.7MWCNT and SSD/SPDD+0.9MWCNT. The
developed binary EPCM exhibit a thermal conductivity of 0.464 W/m-K. On dispersion of
MWCNT, the thermal conductivity of the nano composite increases until 0.5 wt% of MWCNT,
depicting a thermal increment of 59.9% due to the well-established thread shaped MWCNT
within the surface of SSD/SPDD for heat transfer. With further increase of MWCNT at 0.7
wt% & 0.9 wi% the thermal conductivity values drops to 0.672 W/m-K and 0.583 W/m-K.
Maximum thermal conductivity increment of SSD/SPDD with MWCNT at a weight
percentage of 0.1 wt%, 0.3 wt%, 0.5 wt%, 0.7 wt% and 0.9 wt% corresponds to 3.66%, 23.21%,
59.91%, 44.82% and 25.64%, respectively. High concentration of MWCNT with EPCM
resulted in reduced intermolecular free movement of particles. This phenomena cause
uncertainty in distribution of MWCNT and causes agglomeration, leading to reduction of heat

transfer propagation ability of the prepared nanocomposite EPCM samples®.
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Figure 7: MWCNT penetrated SSD/SPDD a) Heat propagation mechanism; b) Thermal
conductivity improvement value

3.6 Heat storage performance of MWCNT based EPCM

Thermal properties of the developed SSD/SPDD binary EPCM, and all nano composite
with different weight percent of MWCNT samples were experimentally characterized using
DSC instrument. Properties like phase transition temperatures, melting & freezing enthalpy
and degree of supercooling of the nanocomposite PCM were examined through DSC analysis.
Subsequently, using the melting and freezing enthalpy of the developed nanocomposite sample
energy storage efficiency is calculated. Equation (4) provides the numerical relation for energy

storage efficiency (y)*

y = (5£) + 100% (4)
In equation (4), AH,, and AH; denotes the melting and freezing enthalpy of

nanocomposite PCM in J/g, during phase transition from solid to liquid and vice versa.
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Figure 8 shows the heat flow curves (melting & freezing) of EPCM and its composite
with various weight fraction of MWCNT nanoparticle. Additionally, Table 1 provides more
information on melting point, freezing point, phase transition enthalpy and degree of
supercooling for the developed base and nanocomposite PCM. In prior to the discussion on
energy storage ability of MWCNT penetrated SSD/SPDD, it is important to analyse and
compare the experimentally determined values of SSD/SPDD with the numerically designed
value in Section 3.1. SSD/SPDD binary EPCM has been designed and developed based on
Schrader’s equation in this research work. As per design calculation, we obtain SSD/SPDD at
a eutectic composition of 62/38 wt% with phase transition temperature of 27.8 °C and melting
enthalpy of 215 J/g. Similarly, it is evident that the developed SSD/SPDD binary EPCM has
an onset melting temperature of 28.7 °C (~ equal to the designed value) along with melting
enthalpy of 217.1 J/g. The above values ensures the reliability of the design and the close
resemblance of thermal properties of the developed binary EPCM. In addition a single
endothermic peak (composition SSD and SPDD individual has different endothermic peaks) is

noticed in melting curve, which further enhances the reliability of developed EPCM.
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490  Figure 8: Thermophyscial properties of MWCNT penetrated SSD/SPDD melting and cooling
491  enthalpy curves of SSD/SPDD+MWCNT

492  Table 1: Thermophysical parameters of MWCNT dispersed nanocomposite EPCM

Heat Storage Heat Release Degree of
Nano composite EPCM Ty (°C) | T, (°C) | AHm | T; (°C) Ty (°C) AHg¢ Supercooling
(Onset) | (Peak) | (/9) | (Onset) | (Peak) | U/g) | ATs(°C)

SSD/SPDD 28.7 41.2 217.1 12.2 4.7 -148.2 16.5
SSD/SPDD+0.1IMWCNT 27.4 41.6 225.2 23.2 3.1 -140.5 4.2
SSD/SPDD+0.3MWCNT 27.9 41.9 219.3 24.3 2.1 -132.1 3.6
SSD/SPDD+0.5MWCNT 27.3 42.1 218.6 24.2 3.2 -133.2 3.1
SSD/SPDD+0.7MWCNT 27.6 41.7 215.8 25.4 3.4 -140.3 2.2
SSD/SPDD+0.9MWCNT 27.1 38.6 212.1 22.7 2.2 -129.8 4.4

493 To further enhance the thermal performance of the developed EPCM, MWCNT

494  nanomaterial is dispersed at different weight fraction. Four important thermal properties to

495  discuss in the DSC heat flow curves are a) Melting point, b) Melting enthalpy, c) Freezing

496  enthalpy and d) Degree of supercooling. Onset melting temperature denotes the initialization

497  of melting process with heat energy supply, and it can be inferred from the numerical values in

498  Table 1, that for all nanocomposites the onset melting temperature are on close resemblance to

499 that of the base EPCM. A single melting peak and three cooling peaks in the heat flow curves

500 is observed, as the solid-liquid transition temperature is very nearer to the melting point of
501 liquid phase a single peak is noticed; on the contrary during solidification, the liquid-solid
502 transition depicts undercooling resulting in multiple peaks*:. As well, the peak temperature are

503 also similar to the base SSD/SPDD eutectic composite confirming no significant role of
504 MWCNT in varying the phase transition temperature of the nanocomposite as their weight
505 fraction is very minimal. The small variation observed in the onset peak and melting peak of
506 MWCNT dispersed SSD/SPDD may be ascribed due to the interaction between MWCNT and

507 SSD/SPDD as well owing to the isotropic structure of MWCNT nanoparticles®. Next, the
508  melting enthalpy of MWCNT penetrated SSD/SPDD is explored, with inclusion of MWCNT

509 a growing drift on the latent heat of the developed nanocomposite with 0.1 wt% MWCNT

510 (225.2 J/g) is noticed. Likewise, increase in weight percent of MWCNT with SSD/SPDD the

511  enthalpy decreases up to 212.1 J/g for 0.9 wt% MWCNT. In the above case, two phenomenon

512 is expected to occur a) with MWCNT penetrated within the surface of SSD/SPDD, their

513 intermolecular force of attraction surges as the nano sized thread shaped MWCNT are

514  specialized in framing thermal networks and close bonds** b) mass of thermal energy storing

515 PCM isreplaced by fraction of MWCNT nanoparticle. At low weight fraction of MWCNT, the

516  former phenomenon is significant and the melting enthalpy increases. Whereas on further
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inclusion of MWCNT above 1.0 wt% the later phenomena is significant and slowly causes
decrease of melting enthalpy. Subsequently, the exothermic peaks from Figure 8 shows
multiple peaks, and lower enthalpy values, which is concern worth discussing. For every PCM
acting as thermal batteries for energy storage, it is very important to supply the storage energy
without losses. Nonetheless, the heat storage efficiency of the developed composite are 68.2%
for SSD/SPDD, 62.3% for SSD/SPDD+0.1IMWCNT, 60.2% for SSD/SPDD+0.3MWCNT,
60.9% for SSD/SPDD+0.5MWCNT, 65% for SSD/SPDD+0.7MWCNT and 61.1% for
SSD/SPDD+0.9MWCNT. As per the second law of thermodynamics, there is always some
loss expected to occur in a thermal system, and here the loss in energy is due to the loss in
water molecules during the heating of samples under DSC until 55 °C. Whereas in the real time
application of building heating and cooling the operating temperature is below 45 °C. Finally,
the effect of MWCNT in reducing the degree of supercooling is analysed. All PCMs are
anticipated to freeze back at their onset melting temperature for effective extraction of the
stored heat energy, which is a significant problem in salt hydrate based PCM as they do not
freeze at the onset melt temperature. Difference between onset melt temperature and onset
freeze temperature is termed as degree of supercooling ATs (°C). In general nucleating agents
are included to suppress the degree of supercooling with salt hydrate PCM, although in the
current investigation, to understand the effect of MWCNT with SSD/SPSS EPCM no
nucleating agent is added. Clearly the numerical values in Table 1 indicates the reduction in
degree of supercooling of SSD/SPDD from 16.5 °C to 2.2 °C. This phenomena is due to the
uniform dispersion of MWCNT within the SSD/SPDD PCM in liquid state. MWCNT provides
an initial provision for crystallization to develop and promote heterogeneous nucleation and
causes the nanocomposite to freeze back at their designated temperature. Though the ATs is not
completely supressed, the reduction in ATs obtained for the developed MWCNT penetrated
SSD/SPDD is significant.

From the above discussion it can be inferred that SSD/SPDD+0.5MWCNT, contributes
to 59.9% increment in thermal conductivity, non-comprising latent heat value (218.6 J/g) with
3.1 °C ATs and 60.9% of heat storage efficiency can be actively preferred for real time TES

applications.

3.7 Cycle stability analysis of MWCNT dispersed SSD/SPDD
PCMs are actively used for TES via waste heat recovery. During the process, the
developed composite PCMs are subjected to repeated heating and cooling during which energy

transfers occurs. Hence it is worth investigating the performance of the developed SSD/SPDD
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binary EPCM, and MWCNT penetrated SSD/SPDD composite PCM at optimum
concentration. Based on the thermal properties results, it can be inferred that
SSD/SPDD+0.5MWCNT offers better thermal conductivity increment without compensation
in latent heat potential. In this section, the chemical, optical and thermal property of
SSD/SPDD+0.5MWCNT after 200 number of thermal cycles is evaluated. Thermal cycling is
conducted manually for the nanocomposite PCM between temperature ranges of 10 °C to 60
°C ensuring complete phase transition. Figure 9 shows the characterization results of
SSD/SPDD+0.5MWCNT after 200 thermal cycles evaluated using FTIR spectroscopy, UV-
Vis spectroscopy and DSC.

For any pure and nanocomposite PCM, thermal properties like heat storage enthalpy
and phase transition temperature decreases over repeated thermal cycles for two specific
reasons a) presence of impurity & b) degradation of certain composition in the
nanocomposite®. FTIR spectral curve analysis from Figure 9a shows similar peak between
MWCNT dispersed composite PCM for 0 and 200 thermal cycles in a way that each peak fit
onto another at the same frequency (sharp peaks at 487 cm™, 618 cm™, 987 cm™ and 1078 cm
1 weak peak at 1605-1714 cm™ and an intense wide peak 2960-3580 cm™). Similar FTIR peaks
ensures no composition of SSD/SPDD+0.5MWCNT to be degraded for the number of thermal
cycles conducted. Added to the chemical stability is the optical absorbance and transmittance
investigation. Figure 9b and 9c depicts the optical spectral curves of SSD/SPDD+0.5MWCNT
after 200 thermal cycles, as it can be inferred that there is an increase in absorbance of the
composite sample from 0.56 to 0.61 with repeated thermal cycling. The enhanced absorbance
may be owing to better dispersion of MWCNT within the surface of SSD/SPDD composite
PCM ensuring better response to absorb the incident photons. Likewise as transmissibility and
absorbance of the composite samples are inversely proportional the transmissibility has been
decrease from 27.55% to 24.00%. In order to evaluate the thermal characteristic of the
developed nanocomposite, DSC analysis of the sample after 200 cycles is conducted and heat
flow curves are plotted in Figure 9d. On further calculation the melting and cooling enthalpy
of SSD/SPDD+0.5MWCNT after 200 cycle is 216.5 J/g and 113.2 J/g, whereas for
nanocomposite without thermal cycling the latent heat during melting and cooling process is
218.6 J/g and 119.2 J/g. With repeated number of thermal cycles, the enthalpy of the developed
nanocomposite is almost the same, ensuring that energy storage reliability of the
nanocomposite. Nevertheless, the loss in melting enthalpy of the developed nanocomposite
with repeated thermal cycles is owing to the presence of impurity with time. Similarly, for
SSD/SPDD+0.5MWCNT after 200 cycle the onset melting point and the peak melting point
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are identical. The aforementioned results clearly specifies the reliability of the developed
MWCNT penetrated SSD/SPDD binary eutectic composite in terms of chemical stability,
optical stability and thermal stability. Henceforth, the developed PCM is more likely to be
opted for thermal management of buildings.
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Figure 9: Cycle stability of MWCNT penetrated SSD/SPDD EPCM after 200 thermal cycles a)
chemical stability spectral curve ; b) electromagnetic wave absorbance ; c) electromagnetic
wave transmittance and d) Melting and cooling enthalpy

3.8 Numerical analysis of MWCNT dispersed binary EPCM

Using ANSYS workbench we numerically investigate the solidification/melting of
eutectic salt hydrate PCM nanocomposite using two concentric tube as described in Section
2.4. As an outcome of the simulation, the temperature contour and mass fraction contour is
evaluated. Figure 10a depicts the temperature contour of the concentric tube consisting of PCM
and thermic fluid as a 3D representation, Figure 10b provides a zoom in visual of temperature
plot and Figure 10c presents the mass fraction contour. Input parameters and the thermal
property of base eutectic PCM SSD/SPDD and nanocomposite eutectic PCM SSD/SPDD+0.5
MWCNT used in the simulation of provided in (Supplementary Table T1-T2; Appendix I1I).

All the results are depicted after applying the transient boundary condition for a duration of
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500 second. As the developed PCM composite is intended for low temperature application, the
heat input supplied is also less and an infinitesimal change in the temperature contour is
observed in comparison between base EPCM, and PCM with MWCNT. For further
understanding Figure 11 represents the variation in temperature of concentric tube in radial
direction after a time period of 500 seconds. Figure 11a presents the temperature vs distance
plot for SSD/SPDD as PCM, likewise Figure 11b presents the temperature vs distance plot for
SSD/SPDD with MWCNT.

Initially, owing to the constant heat source at the outer surface of PCM tube, the PCM
is melted and is at liquid state with charged thermal energy. As thermic fluid flows within the
inner tube, thermal energy stored in PCM is supplied (discharged) to thermic flow. Henceforth,
primarily we examine the temperature contour plot, where we witness EPCM in contact with
the inner thermic fluid tube to discharge the stored thermal energy and starts crystallizing
(solidifying) with drop in temperature of the PCM as can be inferred from the temperature
contour colour change. Likewise, increase in temperature of the thermic fluid flowing is
observed at region in close contact with the inner surface of the inner tube, as can be inferred
from Figure 10b. To understand the influence of MWCNT in SSD/SPDD, a comparison on the
temperature variation in the radial direction of concentric tube with base SSD/SPDD and with
SSD/SPDD nanoparticle composite is provided in Figure 11. For better interpretation of the
temperature variation, the changes in corresponding radial position are marked and discussed.
As far as position A is concern, the base PCM discharge the stored heat quicker as their latent
heat value is less compared to the MWCNT based PCM, and in the beginning of solidification
process, nanoparticle tends to discharge all thermal energy. In regard to position B, MWCNT
based PCM becomes predominant, as the channelized thermal networks of MWCNT owing to
the enhanced thermal conductivity dissipate heat quicker than the based PCM.
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Figure 10: Numerical simulation results a) temperature contour plot of the system in 3
dimensional view; b) Zoom in temperature contour plot and ¢) Mass Fraction contour plot to
understand the solidification/melting of PCM
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Figure 11: Variation in temperature in radial direction of concentric tube a) when filled with
SSD/SPDD as PCM material; b) when filled with SSD/SPDD+0.5MWCNT nanocomposite as
PCM.

Next significant result obtained is the mass fraction, as can be inferred from Figure 10c
for MWCNT based PCM. Here we infer the percentage of PCM that has been solidified with
discharging thermal energy to the thermic fluid after a flow period of 500 s. On keen analysis
we see, PCM closer to the surface of outer tube exist in liquid state, which is owing to the
constant heat input. Likewise, the thermic fluid remains in liquid state, as the primary focus of
the application is only to warm the thermic fluid and not to heat it for phase transition from
liquid to vapour. Based on further analysis we obtain the liquid fraction of base PCM to be
78.56% and MWCNT based PCM to be 71.42%. Due to the improved thermal conductivity of
MWCNT based PCM, most the nanoparticle dispersed PCM liberated heat at a faster rate and
undergoes phase transition, however the mass fraction of base PCM solidified is considerable
lower, which can also be ascribed owing to the higher degree of supercooling. The numerical
simulation conducted is envisioned to depict better understanding on the performance of PCM
on integrating to a commercial system, as well results in (Supplementary S02-S13; Appendix
I11) provides more results on simulation of base eutectic PCM SSD/SPDD and nanocomposite
eutectic PCM SSD/SPDD.
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649 4.0 Corrosion Analysis

650 The main issue with salt hydrates is their propensity to corrode metals that come in
651  reach with it. The corroded metal then diffuses into the salt hydrates' storage media, disrupting
652  their thermal properties and weakening the final product. Protection against corrosion enhances
653  the practicality and financial advantages of metals as well as the applicability of salt hydrate
654 based PCM for energy storage. Since aluminium is one of the most used macro packing
655  materials, a corrosion investigation was done using aluminium metal samples to determine its
656  compatibility. Herewith, a circular aluminium plate of 20 mm diameter and 1 mm thickness is
657 used as aluminium samples for testing, to analyse the corrosion effect of SSD/SPDD
658  nanocomposite. Corrosion rate in Al metallic plate is analysed under a) ambient condition (kept
659  in open atmosphere); b) SSD/SPDD eutectic salt hydrate PCM and ¢) SSD/SPDD+MWCNT
660  nanocomposite eutectic salt hydrate PCM. Al metallic plate is engrossed within eutectic salt
661 hydrate SSD/SPDD and SSD/SPDD+MWCNT in a glass beaker for the aforementioned cases.
662  Corrosion analysis is conducted by placing the samples under salt hydrate exposure for a period
663  of 3 months. The corrosion rate is analysed using the formula as in equation (5)“° after 10 days,
664 30 days and 90 days to ensure whether the occurrence of corrosion is under permissible limit

665  as per the ASTM standard or is very critical.

534+«W
AxT*D

()

667  Where corrosion rate is determined in mpy (mills per year), W is the mass loss of metal in mg,

666 Corrosion rate =

668 A represents the surface area of metal in cm? (6.28 cm? for the Al sample), T indicates the
669  exposure time in hours & D is the density of metal in g/cm? (2.7 for Al). Corrosion rate for
670  each samples and their permissible limit is discussed in Table 2 with focus on weight loss of
671  the sample at different environmental conditions. Figure 12 displays the SEM image of Al
672  sample used for the corrosion analysis testing before exposed to the SSD/SPDD eutectic PCM.

BL:7.00 WD: 14.07 mm VEGA3 TESCAN BI: 7.00 WD: 14.02 mm i BI:7.00 WD: 14.00 mm VEGA3 TESCAN|
SEM MAG: 500 x Det: SE SEM MAG: 1.00 kx [ m SEM MAG: 3.00 kx Det: SE
67 3 SEMHV:10.0kV | View field: 277 ym erformance in nanospace SEMHV:10.0KV | View field: 138 ym erformance in nanospace SEMHV:10.0kV | View field: 46.1 ym

674  Figure 12: SEM visuals of aluminium plate before exposed to eutectic salt hydrate
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Table 2: Corrosion rate analysis of aluminium sample under different environmental condition

Nature of Time Initial Final Mass Corrosion Level of
environment | duration Mass Mass loss rate Corrosion*
(hours) (mg) (mg) (mg) (mpy)

Exposed to 240 810.8 810.8 0 0 Nil
Ambient 720 810.8 810.8 0 0 Nil
Condition 2160 810.8 810.7 0.1 0.0015 Low
Exposed to 240 811.1 811.1 0 0 Nil
SSD/SPDD 720 811.1 810.8 0.3 0.0136 Low

2160 811.1 809.9 1.2 0.0181 Low
Exposed to 240 812.2 812.2 0 0 Nil
SSD/SPDD 720 812.2 812.1 0.1 0.0045 Low
+ MWCNT 2160 812.2 811.6 0.6 0.0091 Low

* Severity of general corrosivity range (Low <2mpy); (Moderate 2-5mpy); (High 5-10mpy)
and (Severe >10)*’

It is quite evident from Table 2, that on exposing the sample under different
environmental condition the weight loss is very minimal and is within the permission limit. For
Al sample endorsed under SSD/SPDD eutectic PCM the corrosion rate is 0.018 mpy after 90
days and with SSD/SPDD+MWCNT the corrosion rate is 0.009 mpy after 90 days. With
SSD/SPDD eutectic PCM a selective leaching corrosion over the surface of metal is observed,
however with inclusion of MWCNT, the interaction between salt hydrate crystals and Al metal
surface is reduced thereby reducing corrosion. For percipience, the samples exposed under
each condition were analysed using SEM image after 10days, 30days and 90 days and are
displayed as in Figure 13. For Al sample exposed under ambient atmospheric corrosion no
indication of corrosion is seen on a microscopic level. Whereas, for Al sample under eutectic
salt hydrate SSD/SPDD we observe deposition of salt hydrate over the surface which slowly
develops strains resulting in surface leaching leading to corrosion, however the corrosion rate
is under permissible limit. Subsequently for Al sample under nanocomposite eutectic PCM of
SSD/SPDD+MWCNT we observe no indication of rust formation, as MWCNT suppress the
interaction between salt hydrate and metal surface leading to corrosion. In addition to the above
result to exhibit an enlightenment on the surface of Al sample digital images are provided as
can be inferred in (Supplementary S14; Appendix V).
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Figure 13: SEM visuals of aluminium plate on exposed to a) ambient atmospheric condition;
b) SSD/SPDD; and ¢) SSD/SPDD+MWCNT nanocomposite eutectic PCM for 10days, 30 days
and 90 days.

5.0 Conclusion

A novel low-temperature inorganic salt hydrate EPCM, specifically SSD/SPDD, was
successfully developed using a straightforward process involving melting and sonication. To
enhance its properties, multi-walled carbon nanotubes (MWCNT) were incorporated onto the
surface of the developed SSD/SPDD EPCM, resulting in the SSD/SPDD+MWCNT
nanocomposite. The microstructure, chemical composition, optical characteristics and thermal
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properties were comprehensively analysed through SEM visual examination, FTIR spectral
analysis, UV-Vis absorbance and transmittance measurements, temperature-dependent heat
behaviour (THB) and heat flow analysis using DSC. The following conclusions were drawn
from these analyses: The eutectic composition of SSD/SPDD comprises 62% of SSD and 38%
of SPDD. This composition results in an equivalent eutectic melting of 27.8 °C and a
corresponding melting enthalpy of 215 J/g. With the inclusion of MWCNT nanopatrticles, the
FTIR spectral reveals improved chemical stability, as evidenced by the absence of new peaks
or chemical reactions. Simultaneously, the UV-Vis spectral analysis demonstrates a significant
increase in absorbance from 0.17 to 0.78, representing a 500% enhancement, along with a
decrease in transmissibility from 74.2% to 16.4%. Furthermore, the incorporation of 0.5 wt%
MWCNT with SSD/SPDD results in a remarkable 59.9% increase in the thermal conductivity
of the developed nanocomposite. This enhancement can be attributed to the MWCNT’s ability
to penetrate SSD/SPDD surface and establish well-connected thermal network, a phenomenon
supported by the visual observations of the material’s morphology. The DSC heat flow curves
confirmed the stability of the phase transition temperature and energy storage ability, with no
discernible compensation effects due to the intermolecular force of attraction between
MWCNT and SSD/SPDD. Furthermore, the presence of MWCNT facilitated the liquid-phase
EPCM to crystallize and starts freezing at their melting temperature, resulting in a reduced

degree of supercooling.

After subjecting the material to 200 heating and cooling cycles, the energy storage
capacity and optical absorbance showed minimal variations, staying within a 10% range.
Additionally, FTIR spectral analysis showed intense peaks attributed to the evaporation of
hydrate molecules, which occurred as the thermal cycling was conducted in an open
atmosphere. The ANSY'S simulation results, including mass fraction and temperature contour
plots under transient boundary conditions, provide valuable insights into the heat transfer rate
and effectiveness of the developed MWCNT@SSD/SPDD nanocomposite for energy storage
applications. Similarly, the corrosion analysis conducted on the developed nanocomposite
binary eutectic sample SSD/SPDD+MWCNT, during a 90-day contact period with aluminium
metal, reveals a low corrosion rate of 0.009 mpy. This low rate is attributed to MWCNT’s
ability to reduce the interaction between SSD/SPDD and the aluminium metal surface, thereby

expanding the real-time applications of eutectic salt hydrate PCM.
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