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Abstract

This study has focused on the systematical investigation of effect of mass fraction and size of multi-walled carbon
nanotubes (MWCNTSs) doped in phase change material (PCM) on thermal properties such as thermal conductivity,
melting/solidification temperatures and latent heats. Thermal conductivity, melting/solidification temperatures and latent
heats of MWCNTs/PCM composites with three different diameters and two different lengths, obtained by doping
MWCNTs into PCM at the mass fraction of 1-5%, were evaluated according to the criteria such as particle size and mass
fraction. The results demonstrated that not only mass fractions but also size of MWCNTs are effective on the thermal
properties of the composites. It was concluded that increase in diameter and length of MWCNTSs positively affects
enhancement of thermal conductivity; on the other hand, it does not cause a significant change at melting/solidification
temperatures. In addition to these, a decline was observed at melting/solidification latent heats of MWCNTs/PCM com-

posites, depending on doped mass fractions of MWCNTs.

Keywords Thermal conductivity - Multi-walled carbon nanotubes (MWCNTSs) - Phase change materials (PCMs) -

Size dependency

Introduction

Decreasing the consumption of fossil fuel due to its adverse
affects on environmental pollution and climate change
pointed the attention to renewable energy sources. The
intermittent nature of renewable energy sources such as sun
and wind in regard to time and weather conditions and
incompabilities between energy conversion time and
energy utilization require the development of efficient
energy storage systems. Similarly, the regaining of waste
heat released from the widely used thermal energy con-
version systems such as power plants and motors increases
the efforts for energy storage. Phase change materials
(PCMs) are energy storage materials with high latent heat,
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having ability to transform from solid to liquid or from
liquid to solid, showing low-temperature change [1]. The
PCMs due to having high energy storage capability have
been widely used in many fields of engineering such as
energy storage [2], active and passive cooling [3, 4],
thermal protection of electronic devices operating tem-
porarily [5, 6]. PCMs application is generally focused to
increase system performance. For example, Weng et al. [7]
determined that fan power consumption of a heating pipe
used for electronic cooling purposes diminished by 46%
when used together with an energy storage unit containing
PCM as opposed to a traditional heating pipe. Zhou et al.
[8] put forth that using PCM instead of sand as thermal
storage material in a low-temperature floor heating system
causes the more uniform heating (< 0.3 °C). Additionally,
they showed that heat propagation time of the PCM used
system two times more than that of the sand used system
when the heat source was closed. In another study,
Barzin et al. [9] measured that there would be a 73%
weekly gain in terms of energy saving, when the PCM
incorporated into plasterwork is used for passive cooling
purposes in buildings. Recently, Jin et al. [10] determined
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optimal phase change temperature range and optimal PCM
location in the building wall during different seasons under
weather conditions. Ye [11] examined the effects of the fins
number and outer wall boundary conditions on the energy
storage capacity of a double tube that contains commercial
PCM. It is found that the melting rates increase as the fins
number increases. Hadiya et al. [12] investigated experi-
mental performance of paraffin wax using shell and tube
heat exchanger during energy charging and discharging
cycle under different flow rates. They determined that
charging and discharging time decreases with increase in
mass flow rate of heat transfer fluid and fall in the time
during discharge is around three times faster than charging.

PCMs are divided into three categories including
organic (paraffins), inorganic (hydrate salts) and eutectoid.
Organic PCMs from phase change materials are the most
preferred and used type of material because of having some
advantages such as high latent energy and low vapor
pressure, chemical and thermal stability, no subcooling
property during solidification process and easily and eco-
nomically attainable [13, 14]. On the other hand, a well-
known serious disadvantage of organic phase change
materials is having very low thermal conductivity. This
case significantly slows down the speeds of heat charge/
discharge of organic PCMs. The low thermal conductivity
of organic PCMs should be improved in order that they can
be used effectively. On the other hand, thermal properties
such as melting/solidification latent heats and temperatures
are not to be deteriorated while improving thermal con-
ductivity. In order to solve this problem, several methods
such as inserting high conductivity metal fins [15, 16],
foams [17] and matrices [18] into PCM have been imple-
mented from past to present. Yang et al. compared the
dynamic thermal behavior of a shell and tube energy
storage unit for the PCM and the PCM/Cu foam composite.
They showed the meltdown period of the PCM/Cu foam
composite to be 33% as shorter under identical experi-
mental conditions [19]. Although these methods improve
thermal conductivities of PCMs, they cause several dis-
advantages such as increase in system weight and/or vol-
ume, poor stability [20], crystallization problems, reduction
in the amount of PCM used. Over the last decade, devel-
opment of nanotechnology enables the synthesis of nano-
sized particles in different types and sizes (< 100 nm)
which led to the development of a more innovative method
for enhancement of the thermal conductivities of the
organic PCMs [21]. This method is based on creation of a
new nanoparticle/PCM composite by doping metal/metal
oxide or carbon-based nanoparticles into organic PCM at a
certain mass ratio. The studies revealed that multi-walled
carbon nanotubes (MWCNTSs) can be used as a suit-
able additive materials for enhancement of thermal con-
ductivity of PCMs because of having high thermal
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conductivity and light weight. On the other hand, failure of
obtaining homogeneous dispersion and keeping stability
particularly in high doping mass fractions through long
terms are major challenges.

Several studies have been carried out in the literature to
investigate effect of the loading of MWCNTs into the
PCMs for enhancement of the thermal properties of
MWCNTSs/PCM composites. It was determined that ther-
mal conductivity increases depending on the mass fraction
of MWCNTs [22-24]. In addition to this, it was reported
that the increase in thermal conductivity was in the range
of 24-30% in the case of 5% mass fraction, depending on
the size of MWCNTs doped into the PCM [25, 26]. On the
other hand, it was revealed that enhancement of thermal
conductivity can be risen up to the level of 50% as a result
of being functionalized of MWCNTs or physical (ball
milling) pretreatments [27]. It was reported that since
surface area of MWCNTs is increased by connecting some
functional groups such as hydroxyl, carboxylic and ami-
docyanogen to its surface during these pretreatments [28],
it shows better performance in enhancement of thermal
conductivity as compared to pristine MWCNTs.

Despite the increase in its thermal conductivity, there is
conflicting information in the literature regarding change of
other thermal properties such as melting/solidification
temperatures and melting/solidification latent heats
depending on amount, size and functional groups of
MWCNTSs doped. There are studies reporting that heat
storage capacity decreases [25, 29], increases [30] or does
not change [31] depending on the doped mass fractions of
nanoparticles. Heat storage capacity depends strongly on
the sample mass. It has been considered that in this case,
some weighing errors could have been made during
preparation of samples for differential scanning calorimeter
(DSC) measurements. DSC manufacturers recommend
samples to be prepared by using balances with precision of
at least 0.01 mg. It was also reported in the literature that
thermal properties of composites improved strongly depend
on size and shape of nanoparticles. These studies have been
usually concentrated on the shape effect and include
comparisons of thermal properties of wire and planar-
shaped nanoparticles [29, 30].

As it can be seen from the above brief literature survey,
the number of studies investigating size effect of
MWCNTs used on thermal properties of MWCNTs/PCM
composite obtained is highly limited. Therefore, this study
aims to systematically investigate the size effect of
nanoparticles on thermal properties of MWCNTs/PCM
composites. As listed in Table 1, MWCNTs used in this
study were selected in three different diameters and in two
different lengths for each diameter. The systematic com-
parison of thermal properties of MWCNTs/PCM compos-
ites was performed at 1, 3 and 5% mass fractions for each



Size-dependent thermal properties of multi-walled carbon nanotubes embedded...

633

Table 1 Properties of
MWCNTs

2 —1

Nanomaterial type Length/um Outer/inner diameter/nm Surface area/m”g
Long (L-MWCNTs) 10-30 <7/2-5 > 500

Long (L-MWCNTs) 10-30 20-30/5-10 > 110

Long (L-MWCNTs) 10-30 50-80/5-15 > 40

Short (S-MWCNTs) 0.5-2 < 7/2-5 > 500

Short (S-MWCNTs) 0.5-2 20-30/5-10 > 110

Short (S-MWCNTSs) 0.5-2 50-80/5-15 > 40

type of MWCNTSs. Another objective of this study is
determination of the change in thermal properties of the
composite depending on mass fractions of MWCNTs. In
the light of the results obtained, conflicting information in
the literature is attempted to be made clear.

Experimental method

Paraffin wax organic PCM, the melting temperature of
which is about 343 K, was commercially supplied from
Phase Change Material Products Limited (UK) and used in
all experiments without any pretreatment. One of the most
important applications of PCM is thermal protecting of the
electronic devices. For the many electronic devices, ther-
mal protecting temperature limit is about 358 K. Therefore,
in this study, PCM with a melting temperature of 343 K
was selected. MWCNTs selected in three different diam-
eters and two different lengths for each diameter were
commercially supplied from US Research Nanomaterials
Inc (USA) and used without any pretreatment. Nanomate-
rials with length ranging between 0.5 and 2 pm are called
as short (S-MWCNTs), those with length ranging between
10 and 30 pm are called as long (L-MWCNTs). The purity
of all MWCNTs is more than 95%, and its other properties
are listed in Table 1.

MWCNTSs/PCM composites were prepared by applying
two steps melting—mixing procedure. In the first step, as
seen in Fig. 1a, PCM was melted by heating on a hot plate.
Afterward, MWCNTs were added into liquid PCM at the
mass fractions of 1, 3 and 5% (Fig. 1b). In the second step,
in order to provide uniform dispersion of MWCNTs into
liquid PCM, stirring process was carried out by using an
750 W ultrasonic stirrer (Sonics and Materials INC, USA)
for 30 min (Fig. 1c). The temperature was kept above PCM
melting temperature in order prevent composite to solidify
during stirring process.

In order to see the dispersion of MWCNTs within the
PCM matrix, the SEM (Tescan Mira 3 XMU, Czechia)
images of the composite that doped with 3% S-MWCNTs
with a diameter of 20-30 nm are given in Fig. 2. The
average size of the MWCNTs is determined as about
90 nm within the PCM matrix. This shows that MWCNTSs

(a) (b)

Fig. 1 Schematic representation of preparation of MWCNTs/PCM
composites

View fleld: 20.8 ym
SEM MAG: 10.0 kx Det: SE, BSE

Fig. 2 SEM images a) the secondary electron imaging, b) the
backscattered electron imaging

are exposed to slight agglomeration due to mixing process.
The secondary electron imaging (Fig. 2a) shows homoge-
neous distribution of MWCNTs within the PCM matrix. It
also shows that neither the MWCNTs are pulled nor the
PCM shows any incompatibility in the composite. The
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MWCNTs are heavier elements (2.1 g cm ) which
backscatter more efficiently and appear brighter than
lighter PCM (0.9 g cm™) in a backscattered electron
image (Fig. 2b). Backscattered electron imaging shows the
MWCNTs are separated individually in PCM matrix.

In order to obtain measurement samples, liquid
MWCNTSs/PCM composite was poured into the acrylic
cylindrical mold with 30 mm in diameter and 150 mm high
and provided being solidified. Thermal conductivity mea-
surements of MWCNTs/PCM composites were taken by
using KD2 Pro device (Decagon Devices Inc., USA)
operating on the basis of temporary linear heat source.
Briefly, KD2 Pro device consists of a microcontroller and a
sensor needle of 100 mm long and 2.4 mm diameter. High
L/D ratio provides elimination of end effects. The sensor
needle works both as a heater and temperature sensor and
determines the temperature change during passage of cur-
rent throughout heater for a time period. Thermal con-
ductivity has been determined as a result of analysis of the
measured temperature for a time period. In order to per-
form the measurements, a hole in appropriate size for
sensor needle was made in the center of the sample.
According to manufacturer’s recommendations, the TR1
sensor was used for the measurements of solid composite
samples. Before starting the measurements, the accuracy of
KD2 Pro device was confirmed by measuring the thermal
conductivity of known solid sample. The measurements of
all samples were performed at 303 K. At least six mea-
surements were taken for each sample, and the mean values
with standard deviation of 0.5% are given as the result. The
accuracy of the measurements is = 5% for the range of
022 W m ' K ' and 4+ 0.02 W m~' K™ for the range
of 0.1-02 Wm ™' K.

Other thermal properties including melting/solidification
temperatures and latent heats were measured by using
differential scanning calorimetry (Shimadzu Corporation,
Japan). The samples for DSC analysis were prepared by
weighing in the range of 4-6 mg in an aluminum pan by
using electronic balance with precision of 0.01 mg (Shi-
madzu Corporation, Japan). The calibration of the DSC
device was performed using standard sample of indium
before starting the measurement. The measurements with
DSC device were taken at 2 K min~' heating/cooling rate
and in the range of 303—433 K. The analysis of DSC curves
may change depending on the person determining the
tangent points on the curve to perform the analysis. It is
more appropriate to carry out more than one analysis at
different times to give the results as the average of these
measurements. In this work, the measurements were taken
at least three times for each sample and the mean values
with standard deviations of 1% are given as the result. The
precision and accuracy of the DSC device are, respectively,
£ 0.1% and £+ 0.1 K.
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Results and discussion

In this section the thermal conductivity values and DSC
results of MWCNTs/PCM composites are given and dis-
cussed in detail. The variation of the thermal conductivities
of S-MWCNTs/PCM and L-MWCNTs/PCM composites
with respect to mass fractions of MWCNTs is given in
Fig. 3. It should firstly be noted that thermal conductivity
of PCM was measured as 0.402 W m~' K~'. It was con-
cluded through detailed analysis of the results given in
Fig. 3 that (1) at low MWCNTs mass fractions (1 wt%),
thermal conductivity of PCM composites doped with
S-MWCNTs with three different diameters was less than
that of PCM. Similar results were reported in the study
performed by Zeng et al. [23] in which the thermal prop-
erties of PCM composites doped with MWCNTs were
investigated. In their experimental study, Zeng et al. (2009)
emphasized that thermal conductivity value of the com-
posite doped with MWCNTs at low mass fractions is
deteriorated as compared to undoped PCM. It has been
explained that main obstacle to use MWCNTs as thermal
enhancer filler is its high interface thermal resistivity [32].
In addition to this, failure of creating continuous and
effective network structure in low mass fractions is the
main reason for deterioration in thermal conductivity. In
the absence of effective heat conduction network, the high
thermal resistivity between MWCNTs and PCM matrix
would cause decrease in thermal conductivity. While
deterioration of thermal conductivity for the composite
doped with 1% mass fraction of S-MWCNTSs with < 7 nm
outer diameter was measured as 2.74%, it was measured,
respectively, as 4.48 and 3.73% for S-MWCNTs with
20-30 nm and 50-80 nm outer diameter, respectively.
However, thermal conductivity value increases due to the
formation of effective conduction network structure after
mass fraction of MWCNTSs has reached to a certain value.
Heat transfer by conduction is achieved by phonon transfer,
which is related to the size of the nanomaterial lattice and
the frequency of the vibration [33]. In addition, the thermal
conductivities of PCMs are low due to both low frequency
of vibration and the inhibition of phonon transfer. In con-
trast, doping MWCNTs which have high vibration fre-
quency into PCMs leads to improved phonon dispersion
and therefore resulting in increased heat conduction. As a
result, it can be said that this significant improvement in
thermal conductivity is related to the formation of a suit-
able MWCNTs network for phonon dispersion. At this
point enhancement in thermal conductivity due to effective
phonon transfer through network compensates the deteri-
oration due to high thermal resistivity between MWCNTSs
and PCM interface. (2) For each type of MWCNTs, a
nonlinear increase was observed in thermal conductivity
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Fig. 3 Variation of thermal conductivity of S-MWCNTs/PCM and L-MWCNTs/PCM composites as function of mass fractions

depending on the increase in the mass fraction of
MWCNTs. (3) It was observed that enhancement of ther-
mal conductivity changes depending on the outer diameter
of MWCNTs doped. This can be more strongly seen in the
PCM composites doped especially with L-MWCNTs. For
example, enhancement of thermal conductivity of PCM
composites doped with 5% mass fractions of L-MWCNTSs
with outer diameters of < 7 nm, 20-30 nm and 50-80 nm
was measured as 9.95, 33.60 and 42.54%, respectively. The
results showed that positive effect of MWCNTSs diameter
on effective phonon transports within the composites.

Increase in the diameter of MWCNTs within the PCM
improves the phonon transfer, and therefore it enhances the
thermal conductivity. (4) The enhancement of the thermal
conductivity of composites doped with L-MWCNTSs
resulted higher than that of composites doped with
S-MWCNTs depending on the mass fractions. For exam-
ple, while the enhancement of thermal conductivity of
composite doped with 5% mass fraction of S-MWCNTs
with an outer diameter of 50-80 nm was determined as
18.41%, the enhancement of thermal conductivity of
composite doped with L-MWCNTs with the same outer
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diameter and mass fraction was determined as 42.54%. It
was considered that obtaining a higher enhancement in the
value of thermal conductivity when L-MWCNTs is used is
associated with decrease in tube-tube and tube-PCM
interface resistances and eventually creation of more effi-
cient network structure.

The organic PCMs possess a good long-term thermal
stability and chemical reliability in terms of melting tem-
perature and latent heat of fusion [34]. Preparing a ther-
mally stable nanoparticle/PCM composite is undoubtedly
the first and foremost important step in the research and
application of PCM composites. Here the thermal stability
of MWCNTs/PCM composites was analyzed by measuring
their thermal conductivity at various heating cooling
cycles. Figure 4 depicts the variation of thermal conduc-
tivity with respect to twenty heating—cooling cycles for
MWCNTSs/PCM composite doped with 5% mass fraction
of L-MWCNTs with 50-80 nm outer diameters. At the end
of five cycles, 4.8% decrease in thermal conductivity was
observed. Between five and twenty heating/cooling cycles,
the thermal conductivity appears to be almost constant.
During the twenty heating/cooling cycles, decrease in
thermal conductivity is less than 6.1%. If the total
enhancement in thermal conductivity is considered, it can
be said that the deterioration observed in thermal conduc-
tivity during twenty heating/cooling cycles may be
neglected.

The thermal performances of the composites which have
been obtained by being doped with single- and multi-
walled CNTs until today are given in Table 2 in detail.
When the results given in Table 2 are reviewed, it can be
seen that the rate of increase in thermal conductivity ranges
between 24 and 51.6% in the highest mass CNTs fraction.
In some of the studies listed in Table 2 [16, 22, 23], ther-
mal conductivity enhancement up to 50% was obtained at
lower mass fractions as a result of subjecting MWCNTs to

o©
3

0.6

0.5 1

0.4 4

0.3 -

Thermal conductivity/W m-1 K-1

0.2 -
0 5 10 15 20
Number of cycles

Fig. 4 Variation of thermal conductivity with respect to cycling
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pretreatments physically and chemically before being
doped into PCM. On the other hand, different rates of
increase in thermal conductivity were obtained for the
same MWCNTs mass fraction in other studies other than
those mentioned. It is considered that this situation is
associated with size of MWCNTs used and the process
applied in composite preparation.

A brief review of the literature and the results revealed that
enhancement of thermal conductivity of MWCNTs/PCM
composites was quite low, although thermal conductivity
value of MWCNTSs was quite high (< 3000 W m~" K™'). In
their experimental study, Wang et al. [23] suggested that low
enhancement of thermal conductivity observed in MWCNTs/
PCM composites could be resulted from (1) scattering of heat
carrying phonon on the CNTs and PCM interface and (2) high
thermal resistance on CNTs surfaces doped inside PCM. In
addition to these, it can arise from unrevealing of effective
thermal conductivities of MWCNTs in the matrix by being
encapsulated by PCM.

DSC analyses were performed to investigate the effects
of mass fractions of MWCNTSs on melting/solidification
temperatures and latent heats. DSC curves involving
heating/cooling cycles of the composites obtained through
all MWCNTs are given in Fig. 5. As it can be seen from
the figure that DSC curves of all MWCNTs/PCM com-
posites are similar to that of the PCM. The endotherm and
exotherm peaks occurred in the DSC curves during heating
and cooling indicate that phase change occurs in a wide
temperature range. In addition to this, it was determined
that endotherm/exotherm peak amplitude decreases
depending on the amount of MWCNTSs doped and increa-
ses depending on the amount of the sample prepared. The
areas under the endotherm and exotherm peaks give latent
heat values for melting and solidification, respectively. The
variation of the endotherm and exotherm peaks amplitude
is an indication of the change in latent heats. On the other
hand, it was determined that the decrease in the endotherm/
exotherm peak amplitudes of S-MWCNTSs/PCM compos-
ites was less than that of L-MWCNTs/PCM composites.

The quantitative results for DSC characteristics were
obtained by analyzing DSC curves. By analyzing heating
related part of DSC curve, melting onset temperature (7},,),
melting peak temperature (Ty,,), melting endset tempera-
ture (T,,.) and melting latent heat (H,) are obtained. When
similar analysis is performed for solidification-related part
of DSC curve, solidification onset temperature (7y,),
solidification peak temperature (7,), solidification endset
temperature (7,) and solidification latent heat (H,) are
obtained.

To run electronic equipments safely, phase change
material (PCM) known as passive cooling system is an
important alternative for the thermal protection. Due to
their high fusion energy, PCMs are able to store large
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Table 2 Thermal performances of the composites which have been obtained by being doped with single- and multi-walled carbon nanotubes

Reference Nanoparticles Mass Maximum enhancement in Variation of melting and Variation of melting and
fractions/  thermal conduct. (device) solidification temperatures solidification latent heats
%

Present L-MWCNTs 1-5 43% (KD2 Pro) MPT: none MLH: decrease

study S-MWCNTs  1-5 18% (KD2 Pro) SPT: increase SLH: decrease
Zeng et al. MWCNT 1-5 30% (hot disk) MPT: decrease MLH: decrease

[22] SPT: nonmeasured SLH: nonmeasured
Zeng et al. MWCNT 1-5 26% (hot disk) MPT: none MLH: decrease

(23] SPT: none SLH: nonmeasured
Wang et al.  MWCNT 1 46% (transient short hot wire) ~ MPT: decrease MLH: decrease

[20] SPT: none SLH: none
Wang et al.  MWCNT 0.2-1 51.6% (transient short hot wire) MPT: none MLH: none

(28] SPT: none SLH: none
Wang et a. MWCNT 0.2-2 40% (transient short hot wire) ~ MPT: decrease MLH: decrease

[27] SPT: nonmeasured SLH: nonmeasured -
Teng et al. MWCNT 1-3 - MPT: decrease MLH: decrease

[29] SPT: increase SLH: decrease
Kumaresan MWCNT 0.35-1.4 45% (KD2 Pro) MPT: none MLH: decrease

et al. [21] SPT: none SLH: increase
Shaikh et al. MWCNT 0.1-1 - MPT: nonmeasured MLH: increase

[30] SWCNT SPT: nonmeasured SLH: nonmeasured
Cui et al. MWCNT 1-10 24% MPT: none MLH: none

[31] SPT: none SLH: none
Fan et al. MWCNT 1-5 30% (KD2 Pro) MPT: decrease MLH: decrease

[25] SPT: decrease SLH: decrease
Yuetal. [260] MWCNT 1-5 24% (KD2 Pro) MPT: nonmeasured MLH: nonmeasured

KNS: nonmeasured

SLH: nonmeasured

MWCNT multi-walled carbon nanotubes, SMWCNT single-walled carbon nanotubes, L-MWCNTs long multi-walled carbon nanotubes, S-
MWCNTs short multi-walled carbon nanotubes, MPT melting point temperature, SPT solidification point temperature, MLH melting latent heat,

SLH solidification latent heat

amount of energy compared to their light weight. They can
be produced according to the required working temperature
span to handle the thermal problem effectively. Most of the
electronic equipments have a suitable operating tempera-
ture range of 233-358 K. Hence, to run electronic equip-
ment safely, melting and solidification temperatures of
PCMs should not be deviate from the operating tempera-
ture limits. The melting and solidification temperatures of
S-MWCNTs/PCM and L-MWCNTs/PCM composites have
been given, respectively, in Tables 3 and 4. While T, and
Tme temperatures of PCM were measured, respectively,
343.23 and 386.07 K, Ty, and T, temperatures were
measured, respectively, 375.28 and 340.78 K. As it can be
seen, although melting phase change occurs in a wide
temperature range of 42.84 K, solidification phase change
occurs in a lower temperature range of 34.5 K. The exo-
therm peak of PCM shifted slightly to the left according to
endotherm peak. This is the indicator of the degree of

supercooling. Supercooling degree is identified quanti-
tively as the difference between Ty,, and Ty, [17] is
determined as 1.79 K for PCM. On the other hand, the
supercooling effect was measured in the range between 2
and 3 K for almost all composites doped with MWCNTs.
When Tables 3 and 4 are examined, it was observed that
except Ty, and Ty, temperatures did not change depending
on mass fraction and size of the MWCNTSs. Furthermore,
T, temperature showed an increase up to 2.1% in com-
parison with PCM in case of being doped with MWCNTs.
This case was considered that doped MWCNTSs inside
PCM increase nucleation effect. In contrast to this case, T
slightly decreases for all composites studied, thereby
causing an increase in solidification temperature range up
to 7%.

The melting and solidification latent heats of PCM were
measured as 227.67 and 217.09 J g~ !, respectively. Nota-
bly, solidification latent heat resulted less than melting
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Fig. 5 DSC curves of S-MWCNTS/and L-MWCNTs doped into PCM

latent heat because of incomplete crystallization during the
solidification process [20]. The variation of melting and
solidification latent heats of PCM composites doped with
S-MWCNTs and L-MWCNTs as compared to MWCNTSs
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mass fraction doped is given in Fig. 6. The melting and
solidification latent heats of PCMs doped with MWCNTs
decrease depending on increase in mass fraction of
MWCNTs. In fact, the most important reason for above-
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Table 3 Melting and

L . Composite PCM  S-MWCNTs (< 7 nm) S-MWCNTs (20-30 nm) S-MWCNTSs (50-80 nm)
solidification temperatures of

S-MWCNTs/PCM composites Mass fract. 0% 1% 3% 5% 1% 3% 5% 1% 3% 5%
Tmo/K 34322 342.87 34298 34374 343.67 34327 343.52 34248 34293 343.30
Tmp/K 358.02 357.58 358.33 358.42 35855 358.01 35821 357.81 35830 358.30
Tpo/K 386.05 385.15 38575 38535 385.65 38545 385.65 38495 38595 38575
T,/K 37525 376.65 377.15 377.15 37655 37685 377.15 37655 377.35 377.35
T/K 356.23 35555 355.64 356.15 355.88 35636 356.08 35576 35596 355.76
T/K 340.78 339.89 340.01 339.56 339.71 339.01 339.36 340.10 339.76 339.79

Table 4 Melting and
solidification temperatures of

L-MWCNTSs/PCM composites Mass fract. 0% 1% 3% 5% 1% 3% 5% 1% 3% 5%

Composite PCM L-MWCNTs (< 7 nm) L-MWCNTs (20-30 nm) L-MWCNTs (50-80 nm)

Thmo/K 343.22 343.03 342.86 343.50 34330 34347 343.60 343.17 343.12 343.69
Trp/K 358.02 358.66 358.39 358.32 358.23 358.04 358.10 358.15 358.24 358.37
Tine/K 386.05 385.45 385.85 385.55 386.05 385.65 38555 385.65 38535 385.05
Tso/K 37525 376.55 37725 37735 37745 37745 37735 377.15 37695 376.65
Ty/K 356.23 355.72 35592 356.08 355.62 356.24 355.89 357.42 356.03 355.86
T /K 340.78 339.20 339.37 339.48 34030 339.49 339.75 339.87 340.12 339.53
(a) N S-MWCNTSs (<7 nm)/PCM (b) N -MWCNTSs (<7 nm)/PCM
240 4 [ S-MWCNTSs (20 — 30 nm)/PCM 240 | = L-NCNTSs (20 — 30 nm)/PCM
- [0 S-MWCNTs (50 — 80 nm)/PCM == L-MWCNTSs (50 — 80 nm)/PCM
()]
3 & i = & & =
© =)
2 220 = B 220 = h
c
[0
ks
2 200 1 200
]
=
180 1— : ; ; ; , ; , . 180
0 1 3 5 0 1 3 5
(c) I S-MWCNTSs (<7 nm)/PCM (d) I |_-MWCNTSs (<7 nm)/PCM
T 240 =9 S-MWCNTSs (20 — 30 nm)/PCM 240 1 [ L-NCNTs (20 — 30 nm)/PCM
2 | =—S-MWCNTs (50 — 80 nm)/PCM [ L-MWCNTs (50 — 80 nm)/PCM
@
@
2
2 220 220 -
L
L]
c
ie]
8 2004 200 -
5
3
180 1— : . . . ' . ' . 180
0 1 3 5 0 1 3 5

Mass fractions/%

Fig. 6 Variation of latent heats as a function of mass fractions a) melting latent heats of S-MWCNTs/PCM, b) melting latent heats of
L-MWCNTSs/PCM, c) solidification latent heats of S-MWCNTSs/PCM, d) solidification latent heats of L-MWCNTs/PCM
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mentioned phenomenon is that MWCNTSs do not contribute
to latent heats because phase change of MWCNTs does not
occur in a temperature range of cooling to heating
(303-433 K). It was considered that the decrease in latent
heats to be proportional to the amount of PCM absorbed by
MWCNTs. The diameter effect was seen only using
S-MWCNTs especially at low mass fractions. When
S-MWCNTs are used as filler, increase in diameter results
less decrease in latent heats. It was considered that this
situation is associated with more PCM absorbing
nanoparticles with small diameter because of high surface
area and dispersing capability. In contrast to this,
S-MWCNTs with large diameter absorb less PCM because
of its low surface area. When L-MWCNTs are used as
filler, diameter effect disappears and variation of latent
heats at each mass fraction shows the same behavior.
However, at low mass fraction of L-MWCNTSs, decrease in
the latent heats was small because of less absorption of
PCM by the MWCNTs. The reason for less absorption of
PCM is agglomerating of the L-MWCNTs within the PCM
matrix. In addition to this, PCM absorbing capability of the
L-MWCNTs increased depending on the increase in mass
fractions and so it results more decreasing in latent heat at
higher mass fractions. As a result, it shows that diameter
and lengths of MWCNTs doped inside PCM are effective
on their energy storage capacities. Molecular interactions
between surfaces of PCM and MWCNTs have been
effective on energy storage capacities of composites [25].

Conclusions

In this study, effects of the mass fraction and size of
MWCNTSs on thermal properties of MWCNTs/PCM com-
posites were systematically investigated. It was found that
the rate of increase in the value of thermal conductivity
increases associated with increase in length and diameter of
MWCNTs. Such that at 5% mass fraction, enhancement of
thermal conductivities of PCM composites doped with
S-MWCNTs and L-MWCNTs with the highest diameter
size of 50-80 nm outer diameter was measured, respec-
tively, 18.41 and 42.54%. In addition to this at 5% mass
fraction, enhancement of thermal conductivity of PCM
composites doped with L-MWCNTs with outer diameters
of <7 nm, 20-30 nm and 50-80 nm was measured as
9.95, 33.60 and 42.54%, respectively. On the other hand, it
was determined that thermal conductivities of
S-MWCNTSs/PCM composites were less than those of
PCM at the mass fraction of 1%. In addition to that, it was
found that thermal conductivities of L-MWCNTs/PCM
composites were almost the same with those of pure PCM
at the same mass fraction. It was determined that while
Tino> Trmp and T, temperatures do not change depending on

@ Springer

mass fraction and size of MWCNTSs doped, Ty, and T,
temperatures change very little depending on MWCNTs
mass fraction. Experimental findings obtained in this study
showed that melting and solidification latent heats
decreased for long and short MWCNTSs depend on the
increasing MWCNTSs mass fraction. On the other hand, it
was reported that the deterioration of the latent heats
yielded 10% less than that of pure PCM in the highest mass
fraction of 5%. It was concluded that using large diameter
and long length of MWCNTs as a filler in PCMs will result
in the highest enhancement in thermal conductivity with
minimal change at melting/solidification temperatures.
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