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Summary

Experimental studies have been carried out to evaluate the thermophysical

properties and thermal performance of thermal energy storage (TES) systems.

The TES system was filled with 0%-0.025% vol. fractions multiwalled carbon

nanotubes (MWCNT)-based lauric acid (LA), paraffin wax (PW), and stearic

acid (SA) nanoparticle-enhanced phase change materials (NEPCMs). The T-

History method has been used to explore the thermophysical parameters,

i.e., solid-liquid specific heat capacity, solid-liquid thermal conductivity, and

heat of fusion. Results revealed that the solid thermal conductivity of the

0.02% MWCNT in lauric acid, paraffin wax, and stearic acid increased by

37.8%, 24.4%, and 13.5% than LA, PW, and SA phase change materials (PCMs),

respectively. Also, an improvement in liquefying and solidification time has

been observed for 0.02% vol. fraction MWCNT-based NEPCMs. However, the

dimensionless numbers justified that the combined conduction and natural

convection effect occurred in the PCMs/NEPCMs thermal energy storage. The

coefficient and rate of heat transfer have been compared among 0%-0.025%

vol. fraction of MWCNT-based pure lauric acid, paraffin wax, and stearic acid

PCMs/NEPCMs. Also, the maximum heat transfer rate for 0.02% MWCNT in

lauric acid, paraffin wax, and stearic acid NEPCMs has been increased by

61.16%, 87%, and 26.4%, respectively, compared to LA, PW, and SA phase

change materials. Hence, the 0.02% MWCNT/PW-NEPCM-based TES system

has higher performance than the mentioned TES systems.
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1 | INTRODUCTION

Uncontrolled fossil usage has led to severe problems like
global warming, the release of carbon dioxide (CO2),

nitric oxide (NOx), sulfur dioxide (SOx), and other harm-
ful gases in the environment. There is an urgent need to
address the problem of the energy crisis. Renewable
energy is an excellent source to meet energy scarcity. But
most renewable energy sources are unreliable due to
their dependence on the season and weather. Thus, waste
heat recovery is an economical method to cater to the

Abbreviation: NEPCM, nanoparticle-enhanced phase change
materials.
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demand for energy. Waste heat accessories can be applied
to internal combustion engines, power plants, cement-
producing industries, etc.1,2 Different waste heat recovery
methods are available in the literature for specific appli-
cations. For instance, an organic Rankine cycle can
extract the industrial waste heat and heat from heavy-
duty engines. Despite a variety of methods available, each
method has its advantages and disadvantages. The use of
a thermal energy storage system (TES) is one such
method. Mainly, organic-inorganic and bio-based-type
phase change materials are applied in thermal energy
storage (TES). The global thermal energy storage market
reported that from an anticipated United States dollar
(USD) 188 million in 2020, it is expected to grow at 14.4%
to (USD)369 million by 2025. Increased need for electric-
ity during peak hours, increasing commercialization of
concentrating solar power (CSP) plants, and demand for
heating and cooling applications for smart infrastructure
are all propelling the worldwide thermal energy storage
market ahead.3 Also, from 2010 to 2015, the global phase
change material market is predicted to increase at a
CAGR of 31.7%, from (USD)300.8 million in 2009 to
(USD) 1488.1 million in 2015. The global phase change
material market was expected to grow from $300.8 mil-
lion in 2009 to $1488.1 million in 2015, at an estimated
compound annual growth rate (CAGR) of 31.7% from
2010 to 2015.4 In the TES system, a portion of exhaust
waste energy was recovered5-8 by storing it in phase
change materials (PCM). The advantages of using such a
system are compact, reliable, and economical. Despite
several advantages, the efficiency of such systems is low.
Thus, to compete with existing waste heat recovery
methods, the efficiency of such a system should be
improved.

Various pathways are available in the literature to
enhance the efficiency of the TES-based system. The most
critical parameter of the TES system is the
thermophysical properties of the PCM. Different strate-
gies have been proposed to improve thermophysical
properties. The use of hybrid-type PCMs in place of nor-
mal PCMs is one such method. Karthik et al9 worked on
erythritol-graphite foam as a hybrid composite PCM.
Using erythritol-graphite foam in the TES system, the
thermal conductivity has been enhanced five times than
erythritol. Kumar et al10 investigated eutectic composi-
tions such as lauric acid, myristic acid (MA), and palmitic
acid (PA) with 1-dodecanol. They concluded that the
melting temperatures and latent heat for LA, MA, and
PA with eutectic compositions are 17�C, 18.43�C,
20.08�C, and 175, 180, 190 kJ/kg, respectively. However,
in this case, at a low melting temperature between 17�C
and 20�C, comparatively shows higher latent heat. Paola
et al11 prepared Glauber's salt-based PCMs by using

bentonite and borax. Also, the thermal performance and
stability of PCMs were crossed and analyzed by the T-
history method and an optical light scattering method.
Results revealed that by increasing the bentonite in
Glauber's salt-based PCM, less heat was released to the
environment, but higher heat was required for solidifica-
tion. However, a less homogenous sample was obtained
with a lower amount of water in PCM, which was
observed by the backscattering profile. It may happen
due to an ineffective sonication process, which results in
less thermal efficiency. Paola et al12 worked on the ther-
mal performance analysis of the three different cooling
chambers considering eight samples of salt-based PCMs.
Results revealed that the cooling rate did not affect the
initial temperature and specific heat but strongly
influenced the solidification enthalpy. Also, the solidifica-
tion enthalpy increased by an increment in water, ben-
tonite, and borax in the composition of Glauber's salt-
based PCMs. Paola and Lopresto13 investigated an alter-
native of organic-inorganic PCMs by waste oils and its
products as bio-based PCMs. The low thermal physical
properties of conventional PCMs were reduced by bio-
based PCMs and gave better air conditioning systems and
refrigeration applications. Li et al14 constructed a
nanofibril/silver nanowire hybrid that added anisotropy-
functionalized cellulose-based PCMs. These composite
PCMs result in an improved value for thermal conductiv-
ity, thermal enthalpy, shape, and thermal stability, which
enhanced the conversion and storage capacity of the
solar-thermal energy system.

Another necessary means to enhance the efficiency of
the TES system is based on improvement in the design of
the TES system. Yazici et al15 analyzed the performance
of the PCM/graphite matrix in a horizontal tube in a
shell-type TES system. The performance has been
enhanced by decreasing melting time. The effective ther-
mal conductivity was increased by 35 times that of pure
paraffin wax. Researchers have also improved the ther-
mal performance of the TES system by applying fins.
Francis et al16 used longitudinal fins type TES system
and reduced charging time and subcooling problem dur-
ing discharging period. Jaume et al17 enhanced 4.7-9.4
times performance by using a fin-type TES system than
the heat transfer surface. Veismoradi et al18 done numeri-
cal simulation using the FEM on a shell-tube TES system
filled with copper metal foam. The vertical arrangement
of tubes in the TES system showed that melting would be
advanced by 80%. Zhou et al19 designed new parameter
areas above and below the inner tube, “eccentric space
ratio,” as an approximation of the ratio of the area to
measure the degree of eccentricity. The melting and
solidification times will be advanced by 40% and 45%,
respectively, between 4:1 and 14:1 different radius ratios.
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Demirkıran and Cetkin20 compared eccentric two tubes
with rectangular shells and concentric tubes with circular
shells. It was observed that melting time and sensible
energy in eccentric two tubes with the rectangular shell
are decreased in comparison to the concentric tubes with
the circular shell. Asgari et al21 investigated the effect of
fins with different thicknesses and lengths on the thermal
conductivity of PCMs. They concluded that the lower
thickness of the fin is a more viable option for increasing
the heat transfer rate.

Researchers have also proposed the use of nano-
additives in PCMs for the enhancement of
thermophysical properties. Yadav and Sahoo22 investi-
gated that an addition of 0.1% volume fraction aluminum
oxide (Al2O3) nano-additives in lauric acid, the charging
time, energy, and exergy saved was enhanced by 16.13%,
38.71%, 5.84%, 6.27%, 34.24%, and 35.22% compared to
pure lauric acid and paraffin wax PCM, respectively.
Also, Yadav and Sahoo23 worked on stearic acid PCM
with 0%-0.5% mass fractions of Al2O3. The energy trans-
fer rate of 0.3% mass fraction Al2O3 nano-additives-based
stearic acid NEPCM was observed to be higher than
11.08% than the stearic acid-based TES system. Sopian
et al24 carried out the experimental and parametric analy-
sis on a photovoltaic thermal collectors system with
nano-PCM and nanofluid as the heat transfer fluid.
Results revealed that the average and peak overall photo-
voltaic thermal efficiencies had been improved, and also
the electrical efficiency of the photovoltaic thermal was
higher than photovoltaic. Lin et al25 used
microencapsulated phase change materials as an energy
storage material. It solved the problems of leakage during
phase change, poor cycle stability, low encapsulation effi-
ciency, and a high degree of supercooling. Yu et al26

worked on composite shape-stable PCM, that is, MgCl2
-NaCl-KCl, expanded graphite, and silicon dioxide (SiO2)
nanoparticles. However, the expanded graphite used for
shape stability and SiO2 nanoparticles improved the
thermophysical properties of PCM—the composite PCM
showed an increment in specific heat capacity and ther-
mal conductivity. Also, the use of single-walled carbon
nanotubes (SWCNT)and MWCNT in PCMs revealed

impressive results. Yu et al27 investigated that the addi-
tion of single-walled carbon nanotubes in sodium chlo-
ride (NaCl)-based molten salt reduced the melting point
temperature and heat of fusion by 36.37%. Also, by
increasing the amount of SWCNT, the thermophysical
properties both enhanced. However, after a certain vol-
ume fraction of based composite PCMs, the
thermophysical properties were reduced due to the dis-
persion problem of SWCNT/MWCNT in based PCM.
Yadav and Sahoo28 investigated that after an optimum
value of volume fraction of carbon nanotubes in PCM,
the thermophysical properties were decreased. The ther-
mal conductivity of 0.02% MWCNT-capric acid
(CA) PCM was 31.29% higher than CA, respectively.
Yadav and Sahoo29 investigated the performance of the
TES system filled with 0.02% carbon tubes based on cap-
ric acid PCM and concluded that 61.9% and 70.92% of the
energy and exergy storage medium had been observed for
0.02% MWCNT in capric acid, respectively. Deqiu Zou
et al30 worked on MWCNT/graphene-based PCM and
revealed that the 3/7 ratio of MWCNT/graphene-based
PCM has 31.8%, 55.4%, and 124% higher thermal conduc-
tivity than graphene-based PCM, MWCNT-based PCM,
and pure PCM, respectively. Li et al14 investigated that
with porous cellulose nanofibrils (CNF)/silver nanowire
(AgNW) composite PCMs, an increment of 72.7% in ther-
mal conductivity is observed. Li et al31 compared with
and without carbon nanotubes high-density polyethyl-
ene/paraffin wax and concluded that the thermal and
electrical conductivity of carbon nanotubes-based poly-
ethylene/paraffin wax is improved. However, the above
kinds of literature summarize that the addition of
MWCNT in PCM enhances the overall thermal proper-
ties, i.e., thermal conductivity and heat storage enthalpy.
Also, MWCNT nanoadditives showed uniform dispersion
throughout the composition and had better cycling per-
formance with thermal stability.

In an earlier study, capric acid PCM was used for
waste heat recovery due to its thermophysical properties,
which were suitable for low-temperature heat recovery
only (up to 32�C). In this study, the scope of the system
has been increased for the heat up to 80�C, which is

TABLE 1 Properties of lauric acid, paraffin wax, stearic acid PCM, and MWCNT nanoparticles

Properties LA32 PW22 SA33 MWCNT nanoparticles28

hls (kJ/kg) 152-162 243.5 186.5-210 -

K (W/m K) 0.15-0.16 0.15 0.097-0.172 2000

Cp (kJ/kg K) 1.8-2.1 (s), 2.1 (l) 2.89 (s) 2.07-2.83 (s)
1.9-2.38 (l)

0.733

ρ (kg/m3) 1001 (s), 852-885 809.5 (s)-771 (l) 941-965 (s)
839-848 (l)

2100

μ (mPa s) 7.30 6.89 7.79 -
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suitable for the heat recovery from automobiles. The
three chosen PCMs (lauric acid, paraffin wax, and stearic
acid) have been investigated due to their higher melting
temperature. The thermophysical property of the MWCNT-
based three PCMs has been improved for enhanced heat
recovery of the TES system. The volume fraction of
MWCNT has varied from 0% to 0.025%, and the effect on
thermophysical properties has been assessed using the T-
History method and hot disk analyzer. However, the drastic
improvement in thermal performance has been observed by
the variation in volume fraction from 0% to 0.02% of
MWCNT-based NEPCMs. With the addition of MWCNT
from 0.02% to 0.025% vol. fraction in PCMs, the
thermophysical properties of NEPCMs have been decreased.
Also, the performance of the TES system has been reduced
due to the settlement of MWCNT particles. Among all sam-
ples, 0.02% volume fraction of MWCNT-based paraffin wax
NEPCMs has shown an optimum enhancement in the
thermophysical properties for NEPCMs.

2 | DESCRIPTION OF THE
EXPERIMENT

2.1 | Materials

LA (pure) and SA (pure) have been purchased from Sisco
research laboratories private limited. PW (with ≤0.05%
sulfated ash) and multiwalled carbon nanotube (purity-
99%) were purchased from Merck life science Private

Limited and Shilpa enterprises. Table 1 shows the
thermo-physical properties of LA, PW, SA, and MWCNT.

2.2 | Methods

2.2.1 | Preparation of MWCNT-based
NEPCMs

The preparation of MWCNT within the volume fraction
range of 0% to 0.025%-based LA, PW, and SA PCMs/
NEPCMs were based on a two-step method. In this
method, the MWCNT was mixed with PCMs at melting
temperature. The mixtures have been stirred with a mag-
netic stirrer for 1 hour at the melting temperature of
PCMs. After then, at room temperature, the samples of
NEPCMs have solidified. It is observed that volume frac-
tion above 0.02% of MWCNT, some particles of MWCNT
settled at the bottom of the test tube. Also, the particles
aggregation problems can be prevented by increasing the
sonication period, the addition of stabilizers such as span
80, or other advanced methods like force steric stabiliza-
tion, which involves an alteration of surface chemistry.

2.2.2 | T-History method

The T-History method is a very conventional, simple,
inexpensive, fast, and helpful method for measuring
thermo-physical properties of any pure or additives-based

TABLE 2 Specification of the TES system

Parameters Diameter (m) Length (m)
Specific heat
capacity(kJ/kg K)

Thermal conductivity
(W/m K)

Density
(kg/dm)

Borosilicate breaker 0.145 0.185 0.8 1.2 223

Glass test tube 0.02 0.18 0.8 1.2 223

FIGURE 1 The schematic diagram

of an experimental setup
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materials. The standard tools such as differential scan-
ning calorimetry (DSC) and differential thermal analysis
(DTA) are limited to small material samples, which need
a high precision sampling of the material. Zhang and
Jiang34 proposed the T-History method. Thermo-physical
properties such as latent heat of fusion, specific heat (liq-
uid/solid), and thermal conductivity (liquid/solid) of
actual bulk PCM with or without additives were calcu-
lated by the T-History method without sampling steps.
The reference material must be fulfilled the lumped
capacity method (Bi <0.1). In this method, two vertical
test tubes are required and the first test tube was filled
with PCM melted at a constant temperature bath, which
was higher than the melting temperature of PCM. The
second test tube was filled with distilled water as refer-
ence material. Afterward, both test tubes were removed
from the bath and cooled in the surrounding. The tem-
perature profile of materials and surrounding test tubes
were recorded by the temperature measuring devices.

Based on these temperature profiles, three areas were
observed between the PCM and ambient air temperature
profile. These areas are indicated as the liquid zone,

TABLE 3 Accuracy of instruments

Instrument Value

Stopwatch ±0.2%

Digital weighing machine ±0.4%

Measuring flask ±0.3%

Thermocouple ±0.5�C

TABLE 4 Calculated maximum uncertainties

Parameters Uncertainties

Temperature ±1%

Mass m ±0.8%

Area A ±0.14%

Specific heat capacity ±2.1%

Thermal conductivity ±2.7%

Heat of fusion ±3.4%

Heat transfer coefficient ±1.2%

Heat transfer rate ±1.6%

FIGURE 2 A, Charging profile of lauric acid PCM/NEPCM. B, Charging profile of paraffin wax PCM/NEPCM. C, Charging profile of

stearic acid PCM/NEPCM
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liquid-solid zone, and solid zone. Similarly, these areas
also represent the reference material with respect to
PCM. However, by putting the values in given empirical
equations (from Equations (4) to (9)), the thermo-
physical properties were calculated by simple calculation
of mathematics.

2.2.3 | Test description

The pure and MWCNT-based PCMs/NEPCMs were filled
in glass test tubes at ambient temperature. The loaded
test tubes with the volume fraction from 0, 0.01%, 0.02%,
and 0.025% MWCNT-based LA, PW, and SA composite
PCMs have been heated with the help of hot water as a
heat transfer fluid (HTF) in a borosilicate beaker. The
HTF was heated from 20�C to 80�C by a hot plate mag-
netic stirrer. Table 2 shows the specification of the experi-
mental instruments. With the help of a PT100 coupled to
a digital temperature display meter, the temperature of
the TES system was measured. Every 3 and 5 minutes
time slot, the charging and solidification temperatures of
PCMs/NEPCMs have been recorded. The temperature

range of PT100 is from �200�C to 850�C. Figure 1 shows
a schematic diagram of the experimental setup.

2.3 | Uncertainties analysis

The uncertainties analysis for the prediction in parame-
ters was calculated by using Holman et al35 Equations (1)
and (2). Where P is the measured value, which was
dependent on unrelated measured parameters Q1, Q2, Q3

…Qn and R1, R2, R3…Rn is the uncertainties in the inde-
pendent variables.

P¼P QR1
1 ,QR2

2 ,QR3
3 ………::QRn

n

� � ð1Þ

Then the uncertainties (US) can be expressed by36:

US ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

∂P
∂Q1

R1

� �2

þ ∂P
∂Q2

R2

� �2

þ ∂P
∂Q3

R3

� �2

þ………………:: ∂P
∂Qn

Rn

� �2
" #vuut

ð2Þ

FIGURE 3 A, The liquid fraction of lauric acid PCM/NEPCM. B, The liquid fraction of paraffin wax PCM/NEPCM. C, The liquid

fraction of stearic acid PCM/NEPCM

3120 YADAV AND SAHOO

 1099114x, 2022, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/er.7368 by Indian Institute O

f T
echnology, W

iley O
nline L

ibrary on [21/04/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Tables 3 and 4 are showing the accuracy of instru-
ments and maximum uncertainties of parameters,
respectively.

2.4 | Data reduction

By using the charging temperature profile of PCMs/
NEPCMs, the liquid fraction has been observed. Dimen-
sionless numbers such as Fourier numbers and Rayleigh
numbers justified the mode of the heat transfer process.
The thermophysical properties of MWCNT-based
NEPCMs have been established by the T-History
method.34 In the T-History method, a solidification tem-
perature profile of PCMs/NEPCMs would be required.
Furthermore, based on the thermophysical properties,
the thermal performance of the TES system filled with
PCMs/NEPCMs has been investigated.

The liquid fraction (f ) of PCMs/NEPCMs filled in
TES system can be expressed as37:

0, if T <Ts

f ¼ T�Ts

T l�Ts
, if Ts <T <T l

1, if T >T l

ð3Þ

The specific heat capacity of solid-phase PCMs/
NEPCMs can be expressed by the T History method as34:

cps ¼mwcpwþmtcpt
mp

�A3

B2
�mt

mp
� cpt ð4Þ

The specific heat capacity of liquid phase PCMs/
NEPCMs expressed by the T History method as34:

cpl ¼mwcpwþmtcpt
mp

�A1

B1
�mt

mp
� cpt ð5Þ

The thermal conductivity of solid-phase PCMs/
NEPCMs expressed by the T History method as34:

FIGURE 4 A, The solidification profile of lauric acid PCM/NEPCM. B, The solidification profile of paraffin wax acid PCM/NEPCM. C,

The solidification profile of stearic acid PCM/NEPCM. D, The temperature of distilled water during the cooling process
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ks ¼ 1þ cps
hls

� Tm�Twð Þ
� �

=4
tf

ρpR
2hls

� Tm�Twð Þ� 1
hwR

" #

ð6Þ

The thermal conductivity of liquid-phase PCMs/
NEPCMs expressed by the T History method as34:

kl ¼ 1þ cpl
hls

� Tm�Twð Þ
� �

=4
tf

ρpR
2hls

� Tm�Twð Þ� 1
hwR

" #

ð7Þ

The latent heat (hls) of pure form of PCMs shown by
the T History method as34:

hls ¼mwcpwþmtcpt
mp

�A2

B1
� To�Tsð Þ ð8Þ

The latent heat (hls) of NEPCMs shown by34:

hls ¼mwcpwþmtcpt
mp

�A2

B1
� To�Tsð Þ�mtcpt

mp
� Tf1�T f2ð Þ

ð9Þ

where Tf1 and Tf2 are the temperature range during the
phase-change process.

The Fourier number (Fo) of pure and MWCNT-based
PCMs/NEPCMs can be expressed as:

Fo¼ αt=l2 ð10Þ

where thermal diffusivity, α¼ k=ρcp:
Also, the Rayleigh number (Ra) of pure and

MWCNT-based PCMs/NEPCMs can be expressed as38:

FIGURE 5 A, The specific heat capacity of lauric acid PCM/NEPCM. B, The specific heat capacity of paraffin wax PCM/NEPCM. C,

The specific heat capacity of stearic acid PCM/NEPCM
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Ra¼ gρβl3 TW�Tmð Þ
αμ

ð11Þ

The Nusselt number (Nu) of pure and MWCNT-based
PCMs/NEPCMs filled in the TES system can be expressed
as38:

Nu¼ 0:59�Ra0:25 ð12Þ

The heat transfer coefficient (h) for TES system filled
with PCMs/NEPCMs can be expressed as:

h¼Nu�k
l

ð13Þ

The heat transfer rate (Q) from water to PCMs/
NEPCMs can be expressed as:

Q¼hA Tw�TRð Þ ð14Þ

where cross-section area of the tube, A¼ 2πR� l

The volume fraction (ϕ) of MWCNT in PCMs can be
expressed as39:

ϕ %½ � ¼
Wnp

ρnp
Wnp

ρnp
þWp

ρp

2
4

3
5�100 ð15Þ

The density of MWCNT-based NEPCMs (ρnep) can be
expressed as40:

ρnep ¼ 1�ϕÞð Þρpþϕρnp ð16Þ
The dynamic viscosity of MWCNT-based NEPCMs

(μnep) can be expressed as40:

μnep ¼
μp

1�ϕð Þ2:5 ð17Þ

The expansion coefficient of MWCNT-based NEPCMs
(βnep) can be expressed as40:

βnep ¼
1�ϕð Þ ρβð Þpþϕ ρβð Þnp

ρnp
ð18Þ

FIGURE 6 A, The thermal conductivity lauric acid PCM/NEPCM. B, The thermal conductivity paraffin wax PCM/NEPCM. C, The

thermal conductivity stearic acid PCM/NEPCM
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3 | RESULT AND DISCUSSION

3.1 | Charging profile of PCM/NEPCM

The melting profile of pure LA, PW, and SA with 0.01%,
0.02%, and 0.025% volume fractions of MWCNT have
been presented in Figure 2A-C. Results revealed that
0.02% vol. fraction MWCNT-based LA, PW, and SA

required 300, 300, and 420 seconds less time than pure
LA, PW, and SA phase change materials, respectively.
Also, the melting time of the volume fraction 0.02%
MWCNT-based LA, PW, and SA composite phase change
materials required less time than other taken volume
fractions of MWCNT-based NEPCM. It is also observed
on the variation in a liquid fraction, which has been
shown in Figure 3A-C.

FIGURE 7 A, The latent heat of lauric acid PCM/NEPCM. B, The latent heat of paraffin wax PCM/NEPCM. C, The latent heat of

stearic acid PCM/NEPCM

TABLE 5 Thermo-physical data obtained for 0.02% MWCNT based lauric acid, paraffin wax, and stearic acid NEPCMs by T-history

method and hot disk analyzer

The value obtained by the T-history method The value obtained by Hot disk analyzer

LA + 0.02%
MWCNT

PW + 0.02%
MWCNT

SA + 0.02%
MWCNT

LA + 0.02%
MWCNT

PW + 0.02%
MWCNT

SA + 0.02%
MWCNT

Cpl [kJ/kg K] 3.02 ± 0.173 5.126 ± 0.206 3.452 ± 0.195 2.92 ± 0.154 4.962 ± 0.186 3.256 ± 0.163

Cps [kJ/kg K] 2.32 ± 0.14 4.159 ± 0.188 4.18 ± 0.176 2.03 ± 0.118 4.03 ± 0.167 3.856 ± 0.143

Kl [W/m K] 0.2538 ± 0.013 0.4202 ± 0.018 0.199 ± 0.0137 0.2365 ± 0.009 0.3956 ± 0.012 0.1652 ± 0.0098

Ks [W/m K] 0.298 ± 0.0098 0.4765 ± 0.0147 0.2294 ± 0.0121 0.2736 ± 0.006 0.432 ± 0.011 0.1986 ± 0.0087
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3.2 | Solidification profile of PCM/
NEPCM

The solidification profile of pure LA, PW, and SA phase
change materials with the additive MWCNT by
vol. fractions of 0.01%, 0.02%, and 0.025% have been
shown in Figure 4A-C. Results revealed that 0.02%
vol. fraction MWCNT in LA, PW, and SA composite
phase change materials required 420, 600, and
900 seconds less time than LA, PW, and SA phase
change materials, respectively. The reason may be
reduced charging and discharging times for the addition
of MWCNT additives in LA, PW, and SA phase change
materials. Also, it generally happens due to the reduc-
tion in the heat of fusion of PCMs/NEPCMs. However,
Figure 4D represents the temperature profile during the
cooling process of distilled water at ambient
temperature.

3.3 | Variation in thermophysical
properties of PCM/NEPCM

The T-History method obtained the thermophysical prop-
erties for pure LA, PW, and SA phase change materials
with 0.01%, 0.02%, and 0.025% MWCNT. A tremendous
enhancement in the thermo-physical properties of lauric
acid, paraffin wax, and stearic acid by mixing MWCNT
additives was observed. It has been established that a
heat capacity (solid-state) of 0.02% MWCNT in LA, PW,
and SA composite phase change materials was increased
by 34.26%, 36.54%, and 25.86% than LA, PW, and SA
phase change materials, respectively. The heat capacity
(liquid state) of 0.02% MWCNT in LA, PW, and SA com-
posite phase change materials increased by 15.71%,
62.57%, and 16% than LA, PW, and SA phase change
materials, respectively, as shown in Figure 5A-C. Also,
the heat capacity (liquid) of 0.02% MWCNT in paraffin

FIGURE 8 A, Fourier number of lauric acid PCM/NEPCM. B, Fourier number of paraffin wax PCM/NEPCM. C, Fourier number of

stearic acid PCM/NEPCM.PCM/NEPCM
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wax increased by 69.74% and 48.49% compared to 0.02%
MWCNT in lauric acid stearic acid, respectively. The
thermal conductivity (solid state) of 0.02% MWCNT in
LA, PW, and SA composite phase change materials was
increased by 37.8%, 24.4%, and 13.5% than LA, PW, and
SA phase change materials, respectively. The thermal
conductivity (liquid state) of 0.02% MWCNT in LA, PW,
and SA composite phase change materials increased by
36.96%, 25.77%, and 13.45% than pure LA, PW, and SA
phase change materials, respectively, as shown in
Figure 6A-C. Also, the thermal conductivity (liquid and
solid) of 0.02% MWCNT in paraffin wax was increased
by 65.56%, 110.7%, 59.63%, and 107.71% than 0.02%
MWCNT in lauric acid and stearic acid, respectively.
Figure 7A-C showed the variation in the heat of fusion
of pure LA, PW, and SA phase change materials with
0.01%, 0.02%, and 0.025% MWCNT. However, the pre-
sent analysis revealed that the latent heat for 0.02%

MWCNT LA, PW, and SA composite phase change
materials were reduced by 8.55%, 35.95%, and 21.95%
than pure LA, PW, and SA phase change materials,
respectively. Also, the latent heat of 0.02% MWCNT in
paraffin wax was reduced by 16.49% and 18.36% than
0.02% MWCNT in lauric acid and stearic acid, respec-
tively. It was observed that within the volume fraction
of MWCNT varied from 0% to 0.02% in LA, PW, and SA
composite phase change materials; the thermo-physical
properties have improved beyond the above
vol. fraction the thermo-physical properties were
decreased. This may happen due to the settlement of
MWCNT particles after a volume fraction of 0.02% in
LA, PW, and SA composite phase change materials.
Also in the T-history approach and the hot disks ana-
lyzer were used to collect comparative thermo-physical
properties data for 0.02% MWCNT-based LA, PW, and
SA composite PCMs as shown in Table 5.

FIGURE 9 A, Rayleigh number of lauric acid PCM/NEPCM. B, Rayleigh number of paraffin wax PCM/NEPCM. C, Rayleigh number of

stearic acid PCM/NEPCM
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3.4 | Variation in dimensionless
numbers of PCM/NEPCM

The variation in the Fourier number of pure and
MWCNT-based LA, PW, and SA composite phase change
materials has been presented in Figure 8A-C. The Fourier
number is used to describe and forecast the temperature
response of materials subjected to transient conductive
heating or cooling. Results revealed that the maximum
variation in Fourier number was obtained in the case of
0.02% MWCNT in LA, PW, and SA composite phase
change materials. Figure 9A-C has shown the variation
in Rayleigh number of LA, PW, and SA phase change
materials with 0% to 0.025% MWCNT-based PCMs/
NEPCMs. Rayleigh number is a dimensionless number
associated with free or natural convection. From the
experimental data, the variation of the Rayleigh number
shows the heat transfer process is in natural convection.
However, with an increase in the volume fraction of
MWCNT from 0% to 0.02% in lauric acid, paraffin wax,
and stearic acid PCMs, the variation in Rayleigh number
increases and after then decreases. The maximum

variation of Rayleigh number of 0.02% MWCNT-based
LA, PW, and SA composite phase change materials was
increased by 15.5%, 127.4%, and 27.34% than LA, PW,
and SA phase change materials, respectively. Also, the
maximum variation in Nusselt number for 0.02%
MWCNT-based LA, PW, and SA composite phase change
materials increased by 3.14%, 22.6%, and 8.33% than LA,
PW, and SA phase change materials, respectively, as pres-
ented in Figure 10A-C. The ratio of convective to conduc-
tive heat transfer across the boundary is expressed as a
Nusselt number, which is a dimensionless number. From
the experiments, the Nusselt number varies from 0 to
31, which is justified by the heat transfer across the
boundary by conduction and convection processes.

3.5 | Variation in heat transfer
coefficient and heat transfer rate of PCM/
NEPCM

Variation in heat transfer coefficient of MWCNT in PW
and SA composite PCMs has been shown in Figure 11A-

FIGURE 10 A, Nusselt Number of lauric acid PCM/NEPCM. B, Nusselt Number of paraffin wax PCM/NEPCM. C, Nusselt number of

stearic acid PCM/NEPCM
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C. Results revealed that 0.02% MWCNT in LA, PW, and
SA composite PCMs obtained 42.89%, 52.8%, and 22.9%
maximum changes in heat transfer coefficient than LA,
PW, and SA PCMs. Also, the leading heat transfer coeffi-
cient of 0.02% MWCNT in paraffin wax increased by
62.8% and 114.9% than 0.02% MWCNT in LA and SA,
respectively. It has been revealed that the heat transfer
rate during the charging process of 0.02% MWCNT in
LA, PW, and SA composite phase change materials
increased by 61.16%, 87%, and 26.4% than LA, PW, and
SA PCMs presented in Figure 12A-C. It may be happened
due to the reduction in the latent heat and increment in
thermal conductivity with the addition of MWCNT from
0% to 0.02% volume fraction-based LA, PW, and SA com-
posite phase change materials. Also, the maximum heat
transfer for 0.02% MWCNT in paraffin wax was increased
by 37.2% and 215%, then 0.02% MWCNT in lauric acid
and stearic acid, respectively based thermal energy
storage.

From the above experimental study, it has been rev-
ealed that 0.02% volume fraction MWCNT nano-
additives in LA, PW, and SA composite phase change

materials has shown an optimum result than pure LA,
PW, and SA PCMs. Also, 0.02% MWCNT in PW has bet-
ter thermophysical parameters than 0.02% MWCNT in
NEPCMs containing lauric acid or stearic acid phase
change material-based thermal energy storage.

4 | CONCLUSIONS

The thermophysical properties and thermal performance
of the TES system with 0% to 0.025% MWCNT-based LA,
PW, and SA composite PCMs were investigated in this
article. It may be concluded that after adding 0.02%
MWCNT in the pure PCMs, some quantity of particles
settled down at the bottom of the tube. Due to this, opti-
mum results were obtained at 0.02% MWCNT-based
PCMs/NEPCMs. The melting time of 0.02% MWCNT-
based LA, PW, and SA composite PCMs reduced by
420, 600, and 900 seconds time than LA, PW, and SA
phase change materials. The maximum solidification
time also decreased by adding 0.02% MWCNT-based LA,
PW, and SA composite PCMs Fourier number during the

FIGURE 11 A, Heat transfer coefficient of lauric acid PCM/NEPCM. B, Heat transfer coefficient of paraffin wax PCM/NEPCM. C, Heat

transfer coefficient of stearic acid PCM/NEPCM
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charging of PCMs/NEPCMs is 0 to 10, which identified
the combined effect of conduction and convection heat
transfer processes. Also, the natural convection heat trans-
fer process occurs in the range of 0 < Ra < 106. Also, the
maximum variation in Nusselt number for 0.02% MWCNT
in LA, PW, and SA composite phase change materials
increased by 3.14%, 22.6%, and 8.33% than LA, PW, and
SA phase change materials, respectively. The maximum
heat transfer coefficient for 0.02% MWCNT in LA, PW,
and SA composite phase change materials obtained
42.89%, 52.8%, and 22.9% maximum variation, respec-
tively, then LA, PW, and SA phase change materials. The
maximum variation in heat transfer rate during charging
of 0.02% MWCNT-based LA, PW, and SA composite phase
change materials have 61.16%, 87%, and 26.4% higher
values than LA, PW, and SA phase change materials-based
thermal energy storage system.

It was observed that the optimum level of MWCNT
volume fraction-based paraffin wax and fatty acid organic
phase change material had shown drastic improvement
in the thermal performance of the TES system. The
results of this study can be utilized to design effective

TES-based waste heat recovery systems for automobiles
and industrial applications. MWCNT composite PCM,
with its remarkable thermal and electrical properties,
tends to make TES more competitive. In the future, the
benefits of using MWCNT in inorganic PCM may be
explored, which would further help in the selection for
high heat PCMs.

NOMENCLATURE

A1 area between PCMs/NEPCMs and the room tem-
perature profile corresponds to the liquid state of
PCMs/NEPCMs

A2 area between PCMs/NEPCMs and room tempera-
ture profile corresponding to the phase change
state of PCMs/NEPCMs

A3 area between PCMs/NEPCMs and the room tem-
perature profile corresponds to the solid state of
PCMs/NEPCMs

B1 area between distilled water and room temperature
profile corresponds to the liquid state of PCMs/
NEPCMs

FIGURE 12 A, Heat transfer rate of lauric acid PCM/NEPCM. B, Heat transfer rate of paraffin wax acid PCM/NEPCM. C, Heat transfer

rate of stearic acid PCM/NEPCM
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B2 area between distilled water and room temperature
profile corresponds to the phase change in the state
of PCMs/NEPCMs

A area (m2)
Cp heat capacity
Fo Fourier number
T temperature (K)
Nu Nusselt number
Q heat transfer rate (W)
R radius of tube (m)
Ra Rayleigh number
W weight (kg)
Tm melting point of PCMs/NEPCMs (K)
hls heat of fusion of PCM (kJ/kg)
H heat transfer coefficient (W/m2 K)
G earth gravity (m/s2)
K thermal conductivity (W/m K)
L length (m)
M mass (kg)
tf solidification time

SUBSCRIPTS

L liquid
M melting
Nep nano-enhanced phase change material
Np nanoparticles
O origin
P PCM
R end
S solid
T tube
W water

GREEK LETTERS

Α thermal diffusivity (m2/s)
Β thermal expansion coefficient
Φ volume fraction of MWCNT
Μ dynamic viscosity (Pa s)
P density (kg/m3)
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