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Abstract: Low thermal conductivity is the main drawback of phase change materials (PCMs) that
is yet to be fully addressed. This paper studies several efficient, cost-effective, and easy-to-use
experimental techniques to enhance thermal conductivity of an organic phase change material
used for low-temperature thermal energy storage applications. In such applications, the challenges
associated with low thermal conductivity of such organic PCMs are even more pronounced. In this
investigation, polyethylene glycol (PEG-1000) is used as PCM. To improve the thermal conductivity
of the selected PCM, three techniques including addition of carbon powder, and application of
aluminum and graphite fins, are utilized. For measurement of thermal conductivity, two experimental
methods—including flat and cylindrical configurations—are devised and increments in thermal
conductivity are calculated. Melting and solidification processes are analyzed to evaluate melting
and solidification zones, and temperature ranges for melting and solidification processes respectively.
Furthermore, latent heat of melting is computed under constant values of heat load. Ultimately,
specific heat of the PCM in solid state is measured by calorimetry method considering water and
methanol as calorimeter fluids. Based on the results, the fin stack can enhance the effective thermal
conductivity by more than 40 times with aluminum fins and 33 times with carbon fins. For pure PCM
sample, Initiation of melting takes place around 37 ◦ C and continues to above 40 ◦ C depending on
input heat load; and solidification temperature range was found to be 33.6–34.9 ◦ C. The investigation
will provide a twofold pathway, one to enhance thermal conductivity of PCMs, and secondly
‘relatively easy to set-up’ methods to measure properties of pure and enhanced PCMs.
Keywords: thermal energy storage; phase change material; carbon powder; aluminum fins; carbon
fins; thermal conductivity

1. Introduction
Generally, thermal energy storage technologies can be categorized as latent heat with phase change
materials (PCMs), sensible heat and those working based on reversible thermochemical reactions [1,2].
Because of relatively high storage capacity, isothermal nature of the storage process, low cost,
and desirable chemical stability, PCM-based storage systems have attracted further attention in recent
years [3,4]. However, the main drawback of pure PCMs is their relatively poor thermal conductivities
that results in an unacceptably slow heat transfer rate in some applications [5,6]. Therefore, introducing
a promising and affordable technique for enhancing the thermal conductivity of PCMs can play a key
role in improving their performance.
Various techniques have been reported to date by different researchers to address the low
thermal conductivity problem of PCMs. These included the addition of high-conductivity particles
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and powders, using fins or extended surfaces, employing metal foams, using multiple PCMs,
and embedding heat pipes (i.e., studied either numerically and/or experimentally) [7–11].
The addition of high-conductivity additives to PCMs, which is one of the promising methods
tried to date for improving their effective thermal conductivity, has been analyzed by several
researchers. Number of studies specially focused on introducing carbon-based (e.g., graphite) and
metallic nanoparticles to PCMs. Li and Zhai [12] theoretically and experimentally studied a solar
collector-storage system in which a composite PCM containing erythritol and expanded graphite with
melting temperature of 119 ◦ C was filled in aluminum pipes. According to their results, the composite
PCM containing 3 wt% expanded graphite was reported to be the best option for mid-temperature
heat storage and could increase the storage efficiency by up to 40.17%. Lin et al. [13] compared several
methods for enhancing the thermal conductivity of PCMs including the addition of carbon-based
additives, which turned out to be more promising than metal-based additives. The research conducted
by Choi et al. [14] (i.e., using transient hot-wire method to measure the thermal conductivity)
demonstrated that graphite possessed the most promising performance for promoting the thermal
conductivity of the PCM. They reported that by adding graphite 5% by volume the rate of heat transfer
improved by about 3.5 times. Similar result was also reported by Li [15], who experimentally measured
the thermal conductivity of a composite PCM containing nano-graphite (NG) and paraffin. They
reported that the PCM containing 10 vol% NG was about 0.95 W/(m·K) (7.5 times greater that thermal
conductivity of pure PCM). Comparing this result with those reported by Choi et al. [14] indicates
that improvement in thermal conductivity of PCMs is linearly proportional with the concentration of
graphite nanoparticles added to the PCM. Huang et al. [16] reported similar relationship between the
conductivity improvement and graphite nanoparticles concentration. Wang et al. [17] and Liu et al. [11]
are also among other researchers who studied and supported the idea of introducing nanoparticles
to PCMs as a promising solution to enhance their effective thermal conductivity. There are also
studies reported in the literature that incorporated some numerical analysis on using nanoparticles
for enhancing the thermal conductivity of PCMs. Examples of these (mainly review works) are the
studies conducted by Fan and Khodadadi [8] that also confirmed the effectiveness of this approach
in enhancing the thermal conductivity of PCMs. Marcos et al. [18] presented several nano-enhanced
PCMs formulated by dispersions of functionalized graphene nanoplatelets in PEG-400 as a base
PCM. They observed that graphene nanoplatelets could increase the thermal conductivity of the PCM
samples by up to 23% and decrease the crystallization temperature by up to 4 ◦ C.
Adding metallic-based nanoparticles to PCMs was also studied by several researchers. Khyad et
al. [19] added 1% mass fraction of aluminum powder as additive to a PCM (melting at below 80 ◦ C)
and observed 18 times enhancement in thermal conductivity, i.e., from 0.23 W/(m·K) to 4.11 W/(m·K).
The effect of addition of aluminum powder to PCMs was also studied by Li et al. [20] by emphasizing
on melting and solidification processes as well as thermal conductivity enhancement. They showed
that with 1% and 2% mass fractions of aluminum, solidification time of the PCM (i.e., with melting
interval of 45.8–50.3 ◦ C) was reduced from 220 min to 140 min. In another study, Sahan et al. [21]
used nanomagnetite (Fe3 O4 ), and for 10% and 20% paraffin-nanomagnetite composites, the thermal
conductivity of the PCM was enhanced up to 48% and 60%, respectively. Vallejo et al. [22] investigated
the effect of different functionalized graphene nanoplatelet dispersions on the heat transfer capacity
and stability of propylene glycol–water mixture considering 3:7 mass ratio. According to their results,
the thermal conductivity of the PCM, they used, in their study was enhanced by up to 16% for a case
with 1% by weight functionalized graphene nanoplatelets mass fraction.
The application of fins has been introduced as another efficient technique for improving the
thermal conductivity of PCMs. Several studies—mostly conducted theoretically, by Youssef et al. [23],
Liu et al. [10], Abujas et al. [24], and Ibrahim et al. [9]—confirmed that thermal charging and discharging
performance of PCMs can improve significantly by embedding finned pipes and tubes in PCMs.
Ibrahim et al. [9] also suggested the use of porous materials and heat pipes as other effective ways
to enhance the thermal conductivity of PCMs. In an almost similar approach, Mills et al. [25] could
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achieve 20–130 times improvement in thermal conductivity of a paraffin wax with the melting point of
55 ◦ C and thermal conductivity of 0.2 W/(m·K) by applying porous graphite matrices fabricated by
compacting flake graphite soaked in a bath of sulfuric and nitric acid. They obtained the results for
graphite matrix bulk densities ranging from 50 gr/L to 350 gr/L.
Different investigations have been carried out to show the crucial effects of PCMs on thermal
performance of buildings from energy conservation and air conditioning standpoints [26]. Ye et al. [3]
used two concepts, energy saving equivalent and energy saving index, to evaluate the performance
of a paraffin wax as PCM used in a passive room from an energy standpoint. They demonstrated
that the use of PCM could reduce the indoor temperature fluctuations. Arnault et al. [27] numerically
determined the thermal performance of a floor in presence/absence of PCM considering melting
temperature, thickness, and position of a PCM layer as crucial factors. Jiang et al. [6] introduced
an efficient and simple analytical method to optimize the PCM characteristics in a passive solar
room. Pasupathy and Velraj [26] used a double layer inorganic eutectic PCM in roof of a building
for thermal management purposes. Li et al. [28] focused on thermal investigation of melting and
freezing processes of several PCMs for building applications using DSC method. In another study,
Ferrer et al. [29] employed DSC method to determine the specific heat capacity of several PCMs
by considering the heat flow fluctuations. Lachheb et al. [30] numerically and experimentally
analyzed the thermal behavior of a PCM/Plaster composite in passive solar walls. Mazzeo et al. [31]
proposed a set of parameters for dynamic thermal analysis of PCM layers in air-conditioned buildings
considering liquid–solid interfaces and non-sinusoidal periodic boundary conditions. Sharifi et al. [32]
computationally evaluated the effectiveness of PCMs incorporated in gypsum boards (i.e., used to
reduce the energy consumption in buildings). Guarino et al. [33] experimentally and theoretically
simulated the thermal performance of a building-integrated glazed-façade thermal storage system in
which PCM was embedded for cold climates. Navarro et al. [34] carried out a thermo-physical analysis
on a PCM incorporated into a radiant wall considering cycling stability factor in buildings. Bouhal et
al. [35] performed a parametric CFD investigation on the melting process of a PCM inside an enclosing
with fins for solar building applications. Ahangari and Maerefat [36] introduced a PCM with an
appropriate melting point close to room air temperature to improve the thermal comfort in a building
under several climate conditions. Xie et al. [37] numerically simulated the thermal performance of
PCM wallboards throughout a year for residential applications. Nada and El-Nagar [38] focused on
temperature control and thermal performance improvement of a building using PV modules integrated
with Al2 O3 nano-enhanced PCM boxes. Saffari et al. [39] optimized the melting temperature of a PCM
to increase the cooling, heating, and the annual total heating and cooling performance of a building
under different climate conditions using a simulation-based method.
Among different renewable energy resources, solar energy has been experiencing a significant
growth and attracted attention due to its inexhaustibility, availability and exploitability [40]. Especially,
solar-thermal systems have widely been used in residential applications in recent years with the aim
of reducing thermal energy consumption of the building (e.g., normally by the air conditioning units
or hot water systems) [3,31]. However, solar energy is intermittent by nature that makes it a challenge
for applications with requirements for continuous supply of heat [41]: e.g., poor to no availability of
solar radiation during rainy days and cloudy periods or at night [13]. For continuous and effective
supply of heat, thermal energy storage solutions can address this problem and support the replacement
of fossil fuels with renewables that help decrease GHG emissions significantly [13]. In residential
applications, an appropriate thermal storage system can efficiently improve indoor thermal comfort
degree by transporting much of excessive energy from daytime to nighttime and from hot days to cold
days [27,31,42–44]. PCM-based storage systems could efficiently be integrated with concentrated solar
power plants, solar water heating systems, solar greenhouses, solar cooking systems, and photovoltaic
systems [45–47]. Nevertheless, as discussed before, many commonly-used PCMs have poor thermal
conductivity [45–49]. Therefore, PCMs with enhanced thermal conductivity are required to overcome
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the discrepancy between the supply and demand (i.e., considering the impermanency of thermal
energy supply through renewables) [39].
As discussed in detail, different methods for enhancing thermal conductivity of PCMs have
been reported in the literature to date. However, there is no strong agreement between the outcomes
reported in terms of the extent of improvement using different methods. Hence, further experimental
studies can contribute to reaching an agreement on this matter. Moreover, especially for methods
involving mesh, foam, or finned materials, the studies conducted to date are limited, with most of them
restricted to theoretical modeling investigations with not many experimental verifications supporting
them. Besides, simultaneous effect of employing different methods in terms of improving the thermal
conductivity and other performance indicators of PCMs were not adequately studied in the past. It is
also notable that a robust experimental investigation on improving the heat transfer rate of PCMs by
adding powder is still scant [20].
In response to these research gaps, the present study aims to experimentally investigate several
efficient and cost-effective methods for increasing the thermal conductivity of a selected organic PCM.
It is noteworthy that so far, numerous PCMs, both organics and inorganics, have been tested for
thermal energy storage applications. Inorganic PCMs are highly corrosive and suffer from chemical
and thermal instabilities [21]. On the other hand, organic PCMs possess most of the above-mentioned
properties except high thermal conductivity [21]. Therefore, there is a substantial need for further
studying the techniques for enhancement of thermal conductivity of organic PCMs. For robust
measurement of thermal conductivity, simple and efficient methods, including flat and cylindrical
configurations, were devised using reliable experimental set-ups. Three techniques including addition
of carbon powder, application of aluminum fins and carbon fins, were utilized for improving the
thermal conductivity of PCMs. Considering the thermal conductivity of the pure PCM used in this
study, the thermal conductivity increments achieved by using each of these techniques were measured
and compared. Furthermore, melting and solidification processes of the PCM were experimentally
examined leading to identification of melting and solidification zones. Subsequently, variations of
fusion and solidification temperatures with time under certain conditions were comprehensively
discussed and latent heat of melting for the PCM was computed under several constant values of heat
load. Moreover, the specific heat of the PCM in solid state is obtained using calorimetry method.
2. Overview of Methods
In order to accurately and reliably measure the thermal conductivity of the selected PCM sample,
two experimental set-ups, including flat and cylindrical configurations, have been devised based on
Fourier law. In flat configuration method, heat generated by a heater block flows one-dimensionally
through the sample and the thermal conductivity is measured by using several thermocouples fixed
across the PCM thickness. In cylindrical configuration method, thermal energy is transferred radially
to the PCM by a heater rod and thermal conductivity is measured by reading the temperatures of
thermocouples fixed at different distances along the radius direction. Since melting and solidification
phenomena are important factors to consider for selecting PCMs, it is highly essential to investigate
the phase change transformations occurring during melting and solidification processes. In this study,
in order to analyze the melting behavior of the PCM, heat is transferred to the material by a heater rod
under a constant input power. By using this method, the melting zone and melting temperature range
of the PCM are determined. In order to describe the solidification zone and solidification temperature
range of the PCM, cooling air moved by a fan (i.e., to create forced convection) is applied.
In order to measure the specific heat capacity of the PCM, the calorimetry method is employed.
In this regard, necessary data, such as temperature gradient, masses of PCM and calorimeter fluids,
are extracted during the calorimetry experiment. With all these experiments a data acquisition system
connected to a computer was used to collect the data reported by the thermocouples.
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3. Experimental Study
3.1. PCM Material Selection
In this study, a grade of polyethylene glycol (PEG) with molecular weight around 1000 gr/mol and
melting temperature range of 37–40 ◦ C [50,51], which is manufactured by Science Lab (catalogue code:
SLP4435) [52] has been selected as the PCM. PEGs, also known as polyoxyethylene or polyethylene
oxide, are white, non-toxic, and non-corrosive materials that can be free-flow powders [50,51]. Their
chemical formula, HO-CH2 -(CH2 -O-CH2 )n -CH2 -OH, enables them to be soluble in water and other
organic substances [53]. Due to its chemical and thermal stabilities and relatively high latent heat of
fusion, PEG-1000 is one of the promising PCMs that can be used for low and medium-temperature
solar energy storage applications [54]. In the present experimental investigation, different set-ups have
been devised to enhance the thermal conductivity of PEG-1000. Furthermore, thermal properties of
the selected PCM including thermal conductivity in solid state, melting and solidification hysteresis,
latent heat, and specific heat in solid state, are determined. Properties of the PEG-1000 are presented in
Table 1.
Table 1. Properties of the PEG-1000.
PEG-1000

Polyethylene Glycol

Type
Molecular weight
Melting point
Specific gravity
Specific heat
Latent heat
Flame temperature
PH value
Thermal conductivity

Organic phase change material
1020 amu
37.1 ◦ C
1.1
2.26 kJ/kg
154.91 kJ/kg
265 ◦ C
5.5
0.2 W/(m·K)

3.2. Experimetal Set-Ups
3.2.1. Thermal Conductivity Improvement Options
The addition of powders with high thermal conductivity to the PCMs is one of the options for
promoting the overall effective thermal conductivity of composite PCMs. Another possible option is to
extend the heat transfer area by employing fins attached to the PCM container. In this investigation,
the addition of carbon powder to PEG-1000 as well as the use of aluminum and carbon fins were studied
experimentally. It must be pointed out that only one measurement was taken for each point due to
rapid changes in the PCM phase (i.e., data had to be taken instantaneously). Hence, doing uncertainly
analysis is not applicable in this case; however, considering the error associated with measurement,
maximum errors of instrumentation are reported. It must be notes that thermal properties of the
materials tested for improvement of the effective thermal conductivity of the PCM are provided by
their supplier [52]. The arrangements used for thermal conductivity improvement of PEG-1000 are
described as follows.
3.2.2. Carbon Powder
Carbon and its compounds, such as graphite, are promising non-toxic materials that possess
various attractive properties such as high thermal conductivity and non-metallic characteristics (no
galvanic corrosion risk). They are also inexpensive, light weight, and readily available in large
industrial quantities [55,56]. They are of high thermal conductivity that is greater than most metallic
materials such as iron and lead. In addition, its suitable chemical stability enables this material to
endure acid, alkaline, and organic solvent corrosion [57].
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In this study, the carbon powder is prepared by granulating carbon plates using a taper drill
with typical powder sizes of 10to 50 µm. The carbon powder was added to the molten PEG-1000
for increasing the composite PCM thermal conductivity (Figure 1). The slurry contains 0.78–2.5%
carbon
by volume in this study; higher concentrations were not used in this study, as a6 of
conservative
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For
the aluminum fin stack, fins are made of pure aluminum with thermal conductivity
of
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across
PCM
sample
were
within
0.01C,°C,
which
confirm
uniform
heating/cooling
of
PCM
material
and
the
integrity
of
experimental
set-up.
uniform heating/cooling of PCM material and the integrity of experimental set-up.
In In
cylindrical
configuration
method,
heat
radially
flows
through
thethe
wall
of of
a hollow
cylinder,
cylindrical
configuration
method,
heat
radially
flows
through
wall
a hollow
cylinder,
which
is
filled
with
PEG-1000.
The
components
of
the
experimental
set-up,
related
to
the
cylindrical
which is filled with PEG-1000. The components of the experimental set-up, related to the cylindrical
configuration
method,
areare
shown
in Figure
5. 5.
configuration
method,
shown
in Figure

(a)

(b)
Figure 5. Cont.
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Figure 5. Cylindrical configuration test set-up for measurement of PCM thermal conductivity and
Figure 5. Cylindrical configuration test set-up for measurement of PCM thermal conductivity and
melting test. (a) Heating and temperature measurement arrangement; (b) Actual test set-up; (c)
melting test. (a) Heating and temperature measurement arrangement; (b) Actual test set-up; (c)
Thermocouple locations; (d) Cross section of test set-up detailing different components and heat flow
Thermocouple locations; (d) Cross section of test set-up detailing different components and heat
pattern.
flow pattern.

The test set-up consists of thermocouple housing, thermocouple tips, PCM, heater rod and
The test set-up consists of thermocouple housing, thermocouple tips, PCM, heater rod and
acrylic insulation plate and fiber glass insulation material. The heat loss to the ambient although
acrylic insulation plate and fiber glass insulation material. The heat loss to the ambient although
negligible (considering a near perfect thermal insulation used) in some cases, it can be a source of
negligible (considering a near perfect thermal insulation used) in some cases, it can be a source of
error or discrepancy in the results. This will be further discussed in the paper. The entire system is
error or discrepancy in the results. This will be further discussed in the paper. The entire system is
placed on a fan for cooling purpose. The air exiting the fan passes upward on outside of the cylinder.
placed on a fan for cooling purpose. The air exiting the fan passes upward on outside of the cylinder.
The experiment was conducted below the melting point of the PCM (37 °C). To avoid melting of the
The experiment was conducted below the melting point of the PCM (37 ◦ C). To avoid melting of the
PCM, the rate of heat had was adjusted between 1 W and 5 W.
PCM, the rate of heat had was adjusted between 1 W and 5 W.
3.2.6. Melting
Melting Test
Test on
on PCM
PCM
3.2.6.
To describe
describe the
the melting
melting process
process of
of the
the PCM,
PCM, the
the thermal
thermal energy
energy generated
generated by
by aa heater
heater rod
rod is
is
To
radially
transferred
to
PEG-1000
under
different
constant
values
of
input
power.
The
configuration
radially transferred to PEG-1000 under different constant values of input power. The configuration of
of the
experimental
set-up
used
melting
PCM
is the
same
that
shown
in Figure
5. is
It
the
experimental
set-up
used
forfor
melting
testtest
on on
thethe
PCM
is the
same
as as
that
shown
in Figure
5. It
is important
to mention
that melting
commencement
finish
the PCM
samples are
important
to mention
that melting
commencement
and finishand
for the
PCMfor
samples
are approximated
approximated
from
the
thermocouple
readings.
In
this
case,
the
error
associated
with
thermocouple
from the thermocouple readings. In this case, the error associated with thermocouple location on
location onofestimation
of melting
starthas
and
finish
has been neglected
estimation
melting start
and finish
been
neglected.
3.2.7. Specific
Specific Heat
Heat Measurement
Measurement in
in Solid
Solid State
State
3.2.7.
For measuring
measuring the
the specific
specific heat
heat of
of the
the PCM,
PCM, an
an experimental
experimental approach,
approach, namely
namely calorimetry
calorimetry
For
method,isisutilized.
utilized.The
Thedetails
detailsofof
this
set-up
illustrated
in Figure
6. important
An important
assumption
method,
this
set-up
areare
illustrated
in Figure
6. An
assumption
here
here
is
that
the
thermal
capacity
of
the
container
has
been
neglected.
is that the thermal capacity of the container has been neglected.
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detailsdetails
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of set-up.

According to
consists
of aofcalorimeter
fluid,
PCMPCM
sample
container
(i.e., made
According
to Figure
Figure6,6,the
theset-up
set-up
consists
a calorimeter
fluid,
sample
container
(i.e.,
of
thin
walled
polyethylene,
placed
inside
the
calorimeter
fluid),
glass
container,
T-type
thermocouples,
made of thin walled polyethylene, placed inside the calorimeter fluid), glass container, T-type
and fiber glass insulation
This insulation
assumed
to bewas
perfect
making
losses
thermocouples,
and fiber block.
glass insulation
block.layer
Thiswas
insulation
layer
assumed
to heat
be perfect
from theheat
system
zero.
Water
and methanol
are separately
considered
and tested
as calorimeter
fluids.
making
losses
from
the system
zero. Water
and methanol
are separately
considered
and tested
The
main
motivation
behind
using
methanol
as
a
working
fluid
is
that
experimental
values
closer
as calorimeter fluids. The main motivation behind using methanol as a working fluid is that
to actual values
could
be achieved
due to could
its lower
latent heat
the
errorlatent
of theheat
experiment
experimental
values
closer
to actual values
be achieved
due(i.e.,
to its
lower
(i.e., the
is
minimum).
The
word
‘actual’
used
in
the
paper
is
referred
to
the
real
values
provided
by the
error of the experiment is minimum). The word ‘actual’ used in the paper is referred to the real values
manufacturers/suppliers
or
those
reference
data
available
in
the
handbooks.
These
data
are
used
as
provided by the manufacturers/suppliers or those reference data available in the handbooks. These
reference
points
to show the
accuracy
of the
data
are used
as reference
points
to show
themeasurements.
accuracy of the measurements.
In
the
present
experimental
investigation,
inaccuracies
in the measurement
of thermal conductivity
In the present experimental investigation,
inaccuracies
in the measurement
of thermal
is mainly coming
from
errorsfrom
of instrumentations
used in the
test
T-type
conductivity
is mainly
coming
errors of instrumentations
used
inset-up,
the test which
set-up,includes
which includes
thermocouples,
power-meter,
and dimensional
measurement
devices,devices,
neglecting
the thermal
capacity
T-type
thermocouples,
power-meter,
and dimensional
measurement
neglecting
the thermal
of the container,
and assuming
the heat losses
from
the experimental
setup is zero.
Agilent
Datalogger
capacity
of the container,
and assuming
the heat
losses
from the experimental
setup
is zero.
Agilent
HP34970A HP34970A
is used for is
measuring
the temperatures.
The thermocouples
used in the
set-up
hadsetan
Datalogger
used for measuring
the temperatures.
The thermocouples
used
in the
◦ C, the power meter was able to measure current with accuracy of +/− 0.01 A
accuracy
of
+/
−
0.5
up had an accuracy of +/− 0.5 °C, the power meter was able to measure current with accuracy of +/−
and A
voltage
with the
accuracy
of +/of
− +/−
0.1 0.1
V, and
thethe
Vernier
calliper
used
to measure
dimensions
of
0.01
and voltage
with
the accuracy
V, and
Vernier
calliper
used
to measure
dimensions
thethe
test
sample
had
anan
accuracy
of of
+/+/−
− 0.01
of
test
sample
had
accuracy
0.01mm.
mm.

4. Results and Discussion
4.1. Thermal Conductivity Measurement

Energies 2019, 12, 75

11 of 20

4. Results and Discussion
Energies
2018, 11,
x FOR PEER REVIEW
4.1.
Thermal
Conductivity
Measurement

11 of 21
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in the
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PCM effective
effective thermal
thermal conductivity
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from using
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in Section
section 3. According to this figure, the values of effective thermal
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for uniform heating
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due
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and uniform
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Figure 7. Effective thermal conductivity for pure and enhanced PCMs measured by cylindrical
Figure 7. Effective
thermal conductivity for pure and enhanced PCMs measured by cylindrical
configuration
method.
configuration method.

4.2. Temperature Distribution
4.2. Temperature Distribution
In Figure 8, the variations of heater rod temperature and temperature distributions along the
Figure
the variations
of heater
rod temperature
and temperature
the
innerIn
and
outer8,radiuses
of the cylinder
measured
by the thermocouples,
with distributions
respect to heatalong
load are
inner and outer
radiuses
of thethe
cylinder
measured
byproperties
the thermocouples,
with respect
to heat
illustrated.
This graph
confirms
isentropic
thermal
of the PEG-1000,
as evident
fromload
the
are illustrated.
This graph
confirms
theof
isentropic
thermal sample.
properties
the PEG-1000,
as evident
temperature
distribution
inside
the bulk
the experimental
Forofmeasuring
the temperature
from
the temperature
the maximum
bulk of theand
experimental
sample.
For measuring are
the
by
means
of cylindrical distribution
configurationinside
method,
minimum errors
of instrumentation
temperature
by and
means
ofrespectively.
cylindrical configuration method, maximum and minimum errors of
found
to be 16%
4.3%,
instrumentation are found to be 16% and 4.3%, respectively.
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Figure 8. Temperature distributions along the inner (R1 ± 0.01) and outer (R2 ± 0.01) radiuses of the
cylinder
by cylindrical
configuration
method.
Figure 8.measured
Temperature
distributions
along the inner
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0.01) and outer (𝑅
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cylinder measured by cylindrical configuration method

4.3. PCM Melting Process

Figure
9a–c shows
4.3. PCM
Melting
Processthe variations of temperature with time during continuous heating process at
different values of input power. As a matter of fact, the temperature evolutions for different power
Figure 9a–c shows the variations of temperature with time during continuous heating process
loads helps to understand how heat propagates through the PCM as well as melting/solidification
at different values of input power. As a matter of fact, the temperature evolutions for different power
hysteresis. Investigation of these processes further helps provide a basis for thermal conductivity
loads helps to understand how heat propagates through the PCM as well as melting/solidification
enhancement. In these figures, heater temperature and PCM temperature distributions along the
hysteresis. Investigation of these processes further helps provide a basis for thermal conductivity
inner and outer radii are indicated. As previously mentioned, maximum and minimum errors of
enhancement. In these figures, heater temperature and PCM temperature distributions along the
instrumentation due to the experimental set-up are found to be 16% and 4.3%, respectively. It should
inner and outer radii are indicated. As previously mentioned, maximum and minimum errors of
be clarified that in the graphs presented, melting starts when the temperature starts getting stable
instrumentation due to the experimental set-up are found to be 16% and 4.3%, respectively. It should
after initial increase, and melting stops when the temperature starts to increase again, after PCM has
be clarified that in the graphs presented, melting starts when the temperature starts getting stable
completely melted. Figure 9a illustrates the heat exchanging process inside the PCM test sample under
after initial increase, and melting stops when the temperature starts to increase again, after PCM has
1.04 W input power in six hours. With regard to this figure, initially the solid PCM receives heat
completely melted. Figure 9a illustrates the heat exchanging process inside the PCM test sample
leading to increase in time-dependent temperature. Afterwards, melting process starts and continues
under 1.04 W input power in six hours. With regard to this figure, initially the solid PCM receives
until the solid PCM transforms to liquid phase. The PCM temperature rises slightly within the melting
heat leading to increase in time-dependent temperature. Afterwards, melting process starts and
zone. Finally, the heat is delivered to liquid PCM and the temperature increases with a steeper slope.
continues until the solid PCM transforms to liquid phase. The PCM temperature rises slightly within
It is noteworthy that, in the final process, the temperature curves converges, indicating the melting of
the melting zone. Finally, the heat is delivered to liquid PCM and the temperature increases with a
the entire PCM. For the thickness of the sample 20 mm, the temperature curve for the thermocouple
steeper slope. It is noteworthy that, in the final process, the temperature curves converges, indicating
located in the middle of the sample provided a good thermodynamic analysis of the overall sample.
the melting of the entire PCM. For the thickness of the sample 20 mm, the temperature curve for the
The melting temperature ranges from 37.3 ◦ C to 41.1 ◦ C.
thermocouple located in the middle of the sample provided a good thermodynamic analysis of the
overall sample. The melting temperature ranges from 37.3 °C to 41.1 °C.
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Figure 9. (a) Heat exchange process inside the PCM test sample under 1.04 W input power analyzed

Figure 9. (a) Heat exchange process inside the PCM test sample under 1.04 W input power analyzed
by cylindrical configuration method. (b) Heat exchange process inside the PCM test sample under
by cylindrical configuration method. (b) Heat exchange process inside the PCM test sample under
2.34 W input power analyzed by cylindrical configuration method. (c) Heat exchange process inside
the PCM test sample under 3.15 W input power analyzed by cylindrical configuration method.

Figure 9b shows the heating process of the PCM test sample under 2.34 W of input power in about
2.5 hours. For this value of input power, the melting temperature of PEG-1000 ranges from ~37.7 ◦ C to

2.34 W input power analyzed by cylindrical configuration method. (c) Heat exchange process inside
the PCM test sample under 3.15 W input power analyzed by cylindrical configuration method.

Figure
9b75shows
Energies
2019, 12,

the heating process of the PCM test sample under 2.34 W of input power
14 of in
20
about 2.5 hours. For this value of input power, the melting temperature of PEG-1000 ranges from
~37.7 °C to ~40.18 °C. It can be implied from Figure 9b that the melting time for PCM closer to the
~40.18 ◦ C. It can be implied from Figure 9b that the melting time for PCM closer to the heater is shorter
heater is shorter than the bulk of PCM. Owing to the location of temperature measurement points,
than the bulk of PCM. Owing to the location of temperature measurement points, the sensors located
the sensors located in the bulk of PCM would register lower melting time due to their distance from
in the bulk of PCM would register lower melting time due to their distance from heater rod, which
heater rod, which represents the proportional extent of PCM being melted.
represents the proportional extent of PCM being melted.
Heating process for PCM test sample with 3.15 W input power for 1 hour and 40 minutes is
Heating process for PCM test sample with 3.15 W input power for 1 hour and 40 minutes is
delineated in Figure 9c. With this value of input power, melting temperature of the PCM ranges from
delineated in Figure 9c. With this value of input power, melting temperature of the PCM ranges from
37.1 °C to 41.3 °C.
37.1 ◦ C to 41.3 ◦ C.
Regarding Figure 9a–c, the temperature trend of PCM sample under constant heating condition
Regarding Figure 9a–c, the temperature trend of PCM sample under constant heating condition is
is a closely linked to the input power. An increment in heat load results in localized melting of the
a closely linked to the input power. An increment in heat load results in localized melting of the PCM
PCM due to high thermal resistance (low thermal conductivity) as demonstrated in these graphs.
due to high thermal resistance (low thermal conductivity) as demonstrated in these graphs. Melting
Melting time is approximately equal to the time in which heater temperature is constant. It should be
time is approximately equal to the time in which heater temperature is constant. It should be pointed
pointed out that initiation of melting takes place at around 37 °C and continues until above 40 °C
out that initiation of melting takes place at around 37 ◦ C and continues until above 40 ◦ C depending
depending on the input heat loads.
on the input heat loads.
4.4. PCM Solidification Process
4.4. PCM Solidification Process
Figure 10 shows the solidification process of the PCM in about three hours. As indicated by this
Figure 10 shows the solidification process of the PCM in about three hours. As indicated by
figure, initially liquid PCM cools down to the solidification temperature followed by the start of
this figure, initially liquid PCM cools down to the solidification temperature followed by the start
solidification process as specified in the figure. It should be stated that the solidification process
of solidification process as specified in the figure. It should be stated that the solidification process
occurs at a nearly constant temperature for bulk of the PCM due to high heat transferred through
occurs at a nearly constant temperature for bulk of the PCM due to high heat transferred through
convection in liquid phase. After solidification of all the liquid PCM, heat is further removed from
convection in liquid phase. After solidification of all the liquid PCM, heat is further removed from
the solid PCM. In this case, cooling is done by forced convection using a fan. According to Figure 10,
the solid PCM. In this case, cooling is done by forced convection using a fan. According to Figure 10,
solidification temperature of the considered PCM ranges from ~33.6 °C to ~34.9 °C. It is observed that
solidification temperature of the considered PCM ranges from ~33.6 ◦ C to ~34.9 ◦ C. It is observed that
the solidification temperature is always less than melting temperature. Furthermore, the
the solidification temperature is always less than melting temperature. Furthermore, the solidification
solidification process is faster than the melting process and the PCM needs sub-cooling of 3–4 °C for
process is faster than the melting process and the PCM needs sub-cooling of 3–4 ◦ C for solidification.
solidification.

.
Figure 10.
10. Solidification
Solidification process
process of
Figure
of the
the PCM
PCM analyzed
analyzed by
by cylindrical
cylindrical configuration
configuration method.
method.

4.5. Latent Heat Capacity
4.5. Latent Heat Capacity
Latent heat of melting for the PCM can be approximated by the melting curves presented in
Latent heat of melting for the PCM can be approximated by the melting curves presented in
Figure 9a–c. During melting of the PCM, heater surface temperature is almost constant. For very low
Figure 9a–c. During melting of the PCM, heater surface temperature is almost constant. For very low
values of input heat load, the values of latent heat are higher due to heat losses to the ambient as the
experiment took very longer time. Heat losses to the ambient mainly depend on the experimental
melting time apart from other factors, and can be neglected, specially when the melting time is short.
Low input power, however, provides a very good approximation of the melting zone due to low
temperature gradient. High heat loads decrease heat losses due to smaller experimental time but

experiment took very longer time. Heat losses to the ambient mainly depend on the experimental
melting time apart from other factors, and can be neglected, specially when the melting time is short.
Low input power, however, provides a very good approximation of the melting zone due to low
temperature gradient. High heat loads decrease heat losses due to smaller experimental time but
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produce
high
gradient across PCM thickness. Table 2 presents the results of latent15heat
capacity extracted from the PCM melting curves.
produce high temperature gradient across PCM thickness. Table 2 presents the results of latent heat
Table 2. Values of latent heat capacity and melting time of the PCM.
capacity extracted from the PCM melting curves.
Error with Respect to Manufacturing
Input Power
Latent Heat
Melting
Timeand melting time of the PCM.
Table(kJ/kg)
2. Values of latent
heat capacity
Values
(W)
Actual Value
155.40 ± 0.08
Error with Respect to
Input Power (W)
Latent Heat (kJ/kg)
2 hour and 47Melting Time
Manufacturing Values
1.04 ± 0.01
195.17 ± 0.08
25.6%
Actual Value
155.40 ± 0.08 min
1 hour and21hour and 47 min
1.04 ± 0.01
195.17 ± 0.08
25.6%
3.3%
2.34 ± 0.01
160.51 ± 0.08
2.34 ± 0.01
160.51 ± 0.08 min 1 hour and 1 min
3.3%
3.15
±
0.01
159.56
±
0.08
45
min
3.15 ± 0.01
159.56 ± 0.08
45 min
2.7% 2.7%

The
In Table
2, a2,
Theactual
actualvalue
valueofofthe
thePCM
PCMlatent
latentheat,
heat,asasprovided
providedbybysupplier,
supplier,was
was155.4
155.4kJ/kg.
kJ/kg.
In Table
comparison
is is
made
between
the
values
a comparison
made
between
the
valuesofoflatent
latentheat,
heat,values
valuesofofinput
inputpower,
power,and
andthe
theactual
actualvalue
valueof
of
the
thePCM
PCMlatent
latentheat.
heat.As
Asindicated
indicatedbefore,
before,the
themain
mainreason
reasonfor
forlarger
largererror
errorisisthat
thatambient
ambientheat
heatlosses
losses
are
areaafunction
functionof
oftime.
time.Hence,
Hence,ififthe
theexperimental
experimentaltime
timeisislonger,
longer,then
thenthere
therewill
willbe
belarger
largerlosses
lossesthat
that
result
result in
in larger
larger discrepancies
discrepancies in
in calculated
calculated values.
values. According
Accordingto
toresults,
results,when
whenthe
the values
values of
of input
input
power
powerare
are2.34
2.34W
Wand
and3.15
3.15W,
W, the
the obtained
obtained values
values of
of latent
latent heat
heatare
are closer
closerto
to the
the actual
actualvalue
valueof
ofthe
the
PCM
latent
heat,
160.51
kJ/kg,
and
159.56
kJ/kg,
respectively.
It
is
worth
mentioning
that
the
melting
PCM latent heat, 160.51 kJ/kg, and 159.56 kJ/kg, respectively. It is worth mentioning that the melting
time
time(related
(relatedto
tothese
these values
values of
of input
input power)
power) is
is 11 hour
hour and
and 11 min,
min, and
and 45
45 min,
min, respectively.
respectively.
4.6.Specific
SpecificHeat
HeatCapacity
CapacityMeasurement
Measurement
4.6.
Determinationof
ofsolid
solidPCM
PCMspecific
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heat, 𝐶C p, ,from
frommelting
meltingcurve
curveisisdifficult
difficult because
becauseof
of large
large
Determination
temperaturegradients
gradientsacross
acrosssample
sample thickness.
thickness. As
Aspreviously
previouslydiscussed,
discussed,to
tocalculate
calculatethe
the 𝐶C pof
ofthe
the
temperature
PCM,calorimetry
calorimetrymethod
methodisisemployed.
employed.Figure
Figure11
11compares
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thevalue
valueof
ofactual
actualspecific
specificheat
heatwith
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PCM,
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ofspecific
specific heat
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water and
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fluids.
obtained

Figure 11. Comparison of the actual and measured specific heat capacity, C p , for solid PCM.
Figure 11. Comparison of the actual and measured specific heat capacity, 𝐶 , for solid PCM

As can be seen in Figure 11, methanol gives better results than water because of low of it lower
thermal
capacity
1.4 kJ/kg
·K) compared
to water
(about
kJ/kg
·K) leading
As can
be seen(about
in Figure
11, methanol
gives better
results
than4.2
water
because
of low to
of ait higher
lower
temperature
gradient
during
the experiment;
the outcomes
be more
consistent
and
thermal
capacity
(about
1.4 kJ/kg·K)
comparedhence,
to water
(about 4.2would
kJ/kg·K)
leading
to a higher
repeatable. Therefore, the calorimeter fluid, which does not dissolve the PCM sample, and have
relatively low thermal capacity should be used. PCM sample size is a very important factor to be
considered. Smaller sample sizes provide better results due to proper heat distribution inside the
sample owing to their relatively low thermal resistance. However, it must be noted that the temperature
changes for smaller samples are very small that makes the output values from the experiment very
sensitive to temperature measurements.

temperature gradient during the experiment; hence, the outcomes would be more consistent and
repeatable. Therefore, the calorimeter fluid, which does not dissolve the PCM sample, and have
relatively low thermal capacity should be used. PCM sample size is a very important factor to be
considered. Smaller sample sizes provide better results due to proper heat distribution inside the
Energies 2019, 12, 75
sample
owing to their relatively low thermal resistance. However, it must be noted that the
temperature changes for smaller samples are very small that makes the output values from the
experiment very sensitive to temperature measurements.

16 of 20

4.7. Validation

4.7. Validation
For validation purposes, the values of the PCM thermal conductivity obtained by flat and

cylindrical
configuration
methods
are compared
with
the actual
value of thermal
For validation
purposes,
the values
of the PCM
thermal
conductivity
obtainedconductivity
by flat and provided
cylindrical
configuration
methods
compared
the actual
value
of thermal with
conductivity
by the supplier.
In Figure
12, theare
variations
ofwith
the PCM
thermal
conductivity
power, obtained
provided
supplier. In
Figure 12, themethods,
variationsare
of illustrated.
the PCM thermal
with
power, minimum
from flat by
andthe
cylindrical
configuration
In flatconductivity
configuration
method,
obtained
from flat
andofcylindrical
configuration
methods,
are illustrated.
In flat configuration
and maximum
errors
instrumentation
are 4.22%
and 8.32%,
respectively.
method, minimum and maximum errors of instrumentation are 4.22% and 8.32%, respectively.

Figure12.
12.Comparison
Comparison
between
the actual
and resulted
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purpose, aluminum heat sink with ~22.67% volume and ~41.5% weight of total system and carbon heat
sink with ~24.7% volume and ~34% weight of total (PCM + fin stack) assembly were used. To measure
the thermal conductivity of the PCM precisely, simple and easy to set-up experimental methods,
referred to as flat and cylindrical configurations, were employed. Subsequently, the measured thermal
conductivity values were compared with the actual thermal conductivity of pure PCM provided by
PCM supplier. To calculate the melting and solidification zones of the PCM, melting and solidification
processes were comprehensively studied under different heating conditions and by utilizing the
experimental set-ups discussed in the paper. Following this, latent heat of melting for the PCM was
measured under different values of input heat loads. Finally, the specific heat of the PCM in solid
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state was obtained using calorimetry method. Main findings of the present experimental study can be
summarized as follows:

•
•

•
•

•

•

•
•

Due to relatively low ambient heat loss, the cylindrical configuration method was an efficient and
accurate technique for measuring the thermal conductivity of the PCM.
Fin stack could enhance the effective thermal conductivity of the PCM sample by more than
42 times with Al fins and 33 times with carbon fins. Even though the thermal conductivity
of carbon(>500 W/(m·K)) is greater than Aluminum (~210 W/(m·K)), the effective thermal
conductivity of PCM with Al fins showed more improvement than that achieved by using carbon
fins. This is mainly due to high fin density and uniform fins distribution in the case of Al fin stack.
Increase in the thermal conductivity value for the PCM case with carbon powder addition was
marginal as compared to the case with added fins.
Melting temperature ranges of the PCM under 1.04 W, 2.34 W, and 3.15 W input heat loads were
found to be ~37.3–41 ◦ C, ~37.6–40.1 ◦ C, and ~37.1–41.3 ◦ C, respectively. According to the results,
the initiation of melting takes place at around 37 ◦ C and continues until above 40 ◦ C depending
on the input heat load. It is worth noting that the melting time for the aforementioned values of
heat inputs were 2 hr 47 min, 1 hr 1 min, and 45 min, respectively.
For the PCM, solidification temperature range was found to be ~33.6–34.9 ◦ C. Furthermore,
solidification temperature was lower than melting temperature and took less time than melting.
The PCM needed sub-cooling of 3–4 ◦ C for solidification.
The values of latent heat of melting of the PCM with 1.04 W, 2.34 W, and 3.15 W input power was
found to be ~195.2 kJ/kg, ~160.5 kJ/kg, and ~159.6 kJ/kg, respectively. For very low input heat
loads, the values of latent heat were significantly higher than the actual value of latent heat due to
ambient heat losses.
Low input power provided very good approximation of melting zone due to lower temperature
gradient, across PCM heat flow direction.
Methanol as calorimeter fluid gave better results than those obtained using water due to low C p
(~1.4 kJ/kg·K) of methanol as compared to water (~4.2 kJ/kg·K).
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