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� The thermal properties of a PCM with nanofibers are determined.
� The solid-phase thermal conductivity scales exponentially with volume fraction.
� The liquid-phase thermal conductivity is only enhanced beyond a critical percolation threshold.
� The nanoscale interface resistance depends on the nanoparticle’s dimensionality.
� The thermal diffusivity and volumetric heat capacity of the nanoenhanced PCMs are found.
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a b s t r a c t

In many studies, carbon nanoparticles with high values of thermal conductivity (10–3000 W/m K) have
been embedded into phase change thermal energy storage materials (PCMs) in order to enhance their
bulk thermal properties. While a great deal of work to date has focused on determining the effect of these
nanoparticles on a PCM’s solid phase thermal properties, little is known about their effect on its liquid
phase thermal properties. Thus, in this study, the effect of implanting randomly oriented herringbone
style graphite nanofibers (HGNF, average diameter = 100 nm, average length = 20 lm) on the bulk
thermal properties of an organic paraffin PCM (IGI 1230A, Tmelt = 329.15 K) in both the solid and liquid
phase is quantified. The bulk thermal conductivity, volumetric heat capacity and thermal diffusivity of
HGNF/PCM nanocomposites are obtained as a function of temperature and HGNF volume loading level.
It is found that the property enhancement varies significantly depending on the material phase. In order
to explain the difference between solid and liquid phase thermal properties, heat flow at the nanoparti-
cle–PCM and nanoparticle–nanoparticle interfaces is examined as a function of HGNF loading level and
temperature. To do this, the solid and liquid phase thermal boundary resistances (TBRs) between the
nanoparticles and the surrounding PCM and/or between contacting nanoparticles are found. Results sug-
gest that the TBR at the HGNF–PCM interface is nearly double the TBR across the HGNF–HGNF interface in
both solid and liquid phases. However, both the HGNF–PCM and HGNF–HGNF TBRs are at least an order
of magnitude lower when the PCM is in its solid phase versus when the PCM is in its liquid phase. Finally,
the effect of nanofiber concentration on the PCM’s latent heat of fusion and melt temperature is investi-
gated in order to determine the applicability of the HGNF/PCM nanocomposite in a wide variety of energy
systems.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

The solid–liquid phase transition is of great interest to the sci-
entific community for its association with thermal energy storage.
A phase change material (PCM) stores thermal energy through the
loosening or breaking apart of molecular or atomic bond structures
when energy is transferred into the material. The stored heat can
be discharged into a heat exchanger or the environment at a later
time as the material recrystallizes. The amount of thermal energy
that can be stored during this process is referred to as the latent
heat of fusion and is an intrinsic material property. Organic PCMs
(like paraffin) are known to possess a high value of latent heat of
fusion (>200 kJ/kg) [1]. These materials are therefore considered
to be excellent candidates for passively cooling electronics [2,3],
storing solar-thermal energy [4–6] and for thermal comfort control
th her-
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when incorporated into building materials [7,8]. More recently,
PCMs have been used as the primary component in passive heat
switch applications [9].

The use of organic PCMs for the aforementioned applications
faces several major impediments, however. The greatest of these
has been identified as their low thermal conductivities [10]. The
thermal conductivity of most organic phase change materials is
significantly less than 1 W/m K. When excessive heat loads are
applied to these PCMs, the low thermal conductivity of the liquid
causes it to superheat in close proximity to the heat source, while
most of the PCM remains in its solid phase. As a result, only sys-
tems with short transient heat loads or those with a low applied
heat flux are currently suitable for thermal management or ther-
mal energy storage using organic paraffin PCMs [11,12]. In order
to increase the utility of these PCMs, their thermal properties must
be improved.

Enhancing the thermal conductivity of phase change materials
can be accomplished in a variety of ways. In many early works,
PCMs were simply embedded into heat sinks in order to increase
the penetration of heat into the material [13–15]. However, the
high density of the heat sink coupled with manufacturing limita-
tions results in low compatibility with most state-of-the-art
energy and electronics applications. Foams have also been identi-
fied as possible candidates for thermal conductivity enhancement
of PCMs due to their high thermal conductivities (�180 W/m K
for graphite [16]) and low densities [17–19]. One disadvantage of
foams, however, is that they suppress natural convection during
the phase transition. As a result, thermal charging rates (or melt
times) are substantially increased within the PCM. Moreover, it is
difficult to completely saturate most foams with an organic PCM
without first displacing the air that is trapped between individual
foam ligaments [19]. Finally, foam volumes also have manufactur-
ing limitations and thus constrain applicability.

Recently, there has been strong interest in incorporating nano-
particles into organic phase change materials in order to enhance
their thermal properties due to their high surface area-to-volume
ratios and high thermal conductivities. Sanusi et al. [20] embedded
three different types of graphite nanofibers (GNF) into a paraffin
PCM (IGI 1230A, Tmelt = 329.15 K) in order to analyze their effect
on discharge times. The authors found that a 61% reduction in dis-
charge time could be accomplished using a weight fraction of 10%
Herringbone graphite nanofibers (HGNF). This reduction in dis-
charge time makes the PCM a more attractive candidate for
applications where heat is exchanged between materials, such as
solar-thermal energy systems [21].

Several other works have found that nanoparticles enhance the
thermal conductivity of PCMs, as reviewed by Fan and Khodadadi
[10]. However, few of these studies describe the effect of nanopar-
ticles on both the solid and liquid phase thermal properties of the
PCM, which are equally important during melting and solidifica-
tion processes. Even fewer studies report the thermal diffusivity
in either material phase, making it difficult to determine the true
enhancement of the PCM caused by the nanoparticles given the
transient nature with which this material is used. Similarly, very
little data exist concerning the nature of the physics that govern
thermal transport between different types of nanoparticles and a
surrounding organic PCM.

In this study, the nanoscale thermophysics governing the ther-
mal conductivity enhancements of PCM nanocomposites are deter-
mined using a combination of experimental and analytical
techniques. The primary focus of this work is to examine nanoscale
interfacial thermophysics within the context of solid versus liquid
bulk thermal properties. Here, the liquid thermal conductivity is a
critically important parameter to consider during the PCM’s
solidification process. Consequently, in this paper we examine the
heat flow physics at the nanoscale in order to help explain the
Please cite this article in press as: Warzoha RJ et al. Temperature-dependent th
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differences in the thermal properties of the solid-phase PCM
enhancements versus the liquid-phase PCM enhancements at dif-
ferent volume fractions. It is found that there are large discrepan-
cies between heat flow across nanoparticle interfaces in the PCM
solid and liquid phases, which result in extreme differences
between the solid and liquid phase bulk thermophysical properties
of the HGNF/PCM nanocomposites. These findings are related to the
interfacial thermal resistance at the junction between other types
of carbon-based nanoparticles and PCMs. Ultimately, the dimen-
sionality of the nanoparticle is found to have a significant effect
on thermal transport between the PCM and the nanoparticle(s)
embedded within it. Additionally, the effect of the HGNF inclusions
on the bulk latent heat of fusion and melt temperature is deter-
mined experimentally. The resulting insights allow for a better
understanding of the mechanisms that govern heat flow within
PCM nanocomposites and will allow for better design of these
materials for state-of-the-art energy and electronics applications.

2. Analytical methods

The thermal characterization of nanostructures in nanofluids
[22–24] and solid composites [25–27] has produced several
valuable physical models that can be used to calculate their bulk
thermal conductivities. These studies have also identified nano-
scale phenomena that govern thermal transport within nanofluids
and nanocomposites. Additional studies have experimentally
determined the bulk thermal conductivity of paraffin PCMs with
nanoinclusions [28–31]. Together, these studies [22–31] show
varying degrees of influence of the nanoinclusions on bulk, room
temperature thermal conductivity, and much attention has been
placed on determining the physical mechanism(s) that govern
these discrepancies.

Several physical models have been developed in order to deter-
mine the magnitude of the impact of nanoinclusions on the ther-
mal conductivity of composite materials. The vast majority of
these models are based on effective medium approximations. The
simplest models assume that either: (1) all inclusions (nanoparti-
cles) are connected and fully percolate throughout the medium
or (2) all inclusions (nanoparticles) are separated and homoge-
nously distributed within the medium. Models 1 and 2 are repre-
sented by the first two equations in Table 1.

In each equation in Table 1, kc represents the effective thermal
conductivity of the composite (W/m K), kp is the nanoparticle ther-
mal conductivity (W/m K), km is the thermal conductivity of the
pure PCM (W/m K), up is the volume fraction of nanoparticles
within the PCM, um is the volume fraction of PCM in the composite,
a is the aspect ratio of the nanoparticle (ratio of length to diameter)
and ucrit is the percolation threshold for the HGNF. The models in
the lower part of Table 1 (Eqs. (3), (4), (5) and (6)) were proposed
by Nan et al. [33] (Eqs. (3) and (4)), Foygel et al. [34] (Eq. (5)) and
Wemhoff [35] (Eq. (6)) and include the effect of nanoparticle orien-
tation, the geometry of the nanoparticles and the nanoparticle–
matrix and/or nanoparticle-nanoparticle thermal boundary resis-
tance on the effective thermal conductivity of nanocomposite
materials. In Eqs. (3) and (4), the parameters b, L and e represent
geometrical conditions of the nanoparticle inclusions (definitions
of these parameters can be found in Nan et al. [33]). In Eq. (5), r0

is a preexponential factor that depends on the thermal conductiv-
ity and morphology of the nanoparticles and t(a) is a conductivity
exponent that is dependent on the aspect ratio of the nanoparticle.
The criteria used for calculating both r0 and t(a) can be found in
Foygel et al. [34]. Finally, the parameters hc, kpe and n in Eq. (6) rep-
resent the nanoparticle–nanoparticle thermal contact resistance,
the nanoparticle network effective thermal conductivity and a geo-
metric constant that represents the nanoparticle network mor-
phology, respectively. The function g(kpe) is defined by Eq. (7).
ermal properties of a paraffin phase change material embedded with her-
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Table 1
Modified effective medium theory models for thermal conductivity of composites with nanostructures.

Name Model Equation Number References

Parallel model (Upper bound) kc ¼ kp �up þ km �um 1 Han and Fina [32]

Series model (Lower bound) kc ¼
1

um
km
þ up

kp

2 Han and Fina [32]

Spheres kc ¼ km �
kpð1þ 2bÞ þ 2km þ 2upðkpð1� bÞ � kmÞ
kpð1þ 2bÞ þ 2km �upðkpð1� bÞ � kmÞ

3 Nan et al. [33]

Completely disoriented ellipsoidal particles kc ¼ km �
3þup½2e11ð1� L11Þ þ e33ð1� L33Þ�

3�up½2e11L11 þ e33L33�
4 Nan et al. [33]

Percolating ellipsoidal particles kc ¼ r0ðup �ucritðaÞÞ
tðaÞ

5 Foygel et al. [34]

Percolating ellipsoidal particles ke ¼
u1:5

p � gðkpeÞ � nðaÞ � D
2 �up � ð 1

hc
Þ þ nðaÞ � D � ð 1

kp
Þ

6 Wemhoff [35]
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gðkpeÞ ¼
1� km

kpe
� ð1� aÞ

1� km
kc
� ð1� aÞ

" #3=2�ð1�aÞ

ð7Þ

In the study presented here, the Nan et al. model [33] (Eq. (4)) is
used to extrapolate the thermal boundary resistance (TBR)
between a matrix material and an isolated nanoparticle, while
the Foygel et al. model [34] (Eq. (5)) is used to determine the ther-
mal boundary resistance at nanoparticle junctions. The Foygel et al.
model [34] (Eq. (5)) is most often used in studies that calculate the
TBR at nanoparticle–nanoparticle junctions and is therefore pres-
ently the standard physical model that is used as a basis for com-
paring the TBR at different nanoparticle–nanoparticle junctions
between studies. While the model developed by Wemhoff [35]
more accurately captures the nanoscale physics associated with
heat flow at the nanoparticle–nanoparticle interface, it cannot be
used here as the model assumes that there exists a uniform spatial
and orientational distribution of straight nanoparticles within the
host matrix. As is later shown in the SEM imaging analyses we per-
formed, this assumption is violated and leads to a breakdown in
the theory. Thus, only the models developed by Nan et al. [33]
and Foygel et al. [34] are used to extract the thermal boundary
resistance in this study.

The thermal boundary resistance across nanoparticle interfaces
is a well-known phenomenon and can have a marked effect on the
bulk thermal conductivity of a nanocomposite material [36,37].
However, the physical mechanisms that govern heat flow at these
interfaces are still not well understood, though they have been
attributed to discrepancies in the interface chemistry [38] and
atomic ordering at nanoparticle interfaces [39,40]. Additional stud-
ies [41] have found that other nanoscale effects, such as Brownian
motion, are negligible when compared to the thermal boundary
resistance at nanoparticle interfaces, particularly in higher viscos-
ity fluids. Therefore, in this study the TBR is considered to be the
dominant mechanism that affects heat flow across nanoparticle
interfaces.
Please cite this article in press as: Warzoha RJ et al. Temperature-dependent th
ringbone style graphite nanofibers. Appl Energy (2014), http://dx.doi.org/10.10
3. Materials synthesis and characterization

The nanocomposite PCMs used in this study were prepared
using a two-step method as described in Chintakrinda et al. [42].
The herringbone graphite nanofibers were prepared in house; the
procedure for HGNF preparation is also described in Chintakrinda
et al. [42]. In order to disperse the nanoparticles within the PCM,
it was melted to a temperature of 353 K using a constant temper-
ature hot plate. A sonicator was then used to disperse the nanopar-
ticles within the PCM, which was set at 32 Hz and left to run for
2 h. The nanoenhanced PCM was then poured into a cylindrical
copper vessel (see Fig. 1) and allowed to solidify. Nanocomposite
PCMs with 0.05%, 0.1%, 0.2%, 0.3%, 0.4%, 2.8%, 5.8%, 8.5% and
11.4% volume fraction of HGNF were prepared.

The thermophysical properties of all of the pertinent materials
used in this study are listed in Table 2. The nanofiber diameter
and length listed in Table 2 were obtained in previous studies
[43,44].

In order to solve for TBR, the physical properties for the
materials of interest in this study (i.e. the values in Table 2) are
substituted into the physical models (Eqs. (4) and (5)) in Table 1.

4. Experimental methods

Two separate experiments are used to obtain the thermophysi-
cal properties of the nanoenhanced PCMs. The first uses the tran-
sient plane source (TPS) technique to determine the thermal
conductivity of the HGNF/PCM nanocomposites. In the second set
of experiments, the volumetric heat capacity, latent heat of fusion
and melt temperatures of the HGNF/PCM nanocomposite are
determined using a Differential Scanning Calorimeter (DSC, TA
Q200). Finally, density is measured using a simple volume dis-
placement technique and is applied in the calculation of the tem-
perature-dependent thermal diffusivity. Optical and SEM imaging
studies are conducted in order to qualitatively determine when
ermal properties of a paraffin phase change material embedded with her-
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then nanoparticles begin to cluster and percolate. In this study, the
percolation threshold determines which physical model is used to
extract the nanoparticle interfacial thermal boundary resistance;
when the nanoparticles are not percolating, the Nan model [33]
is applied in order to calculate the nanoparticle–matrix TBR,
whereas the model developed by Foygel et al. [34] is applied to
PCMs with nanoparticles that form a network in order to calculate
the nanoparticle–nanoparticle TBR. SEM images are produced
using a Hitachi S-4800 Scanning Electron Microscope.
4.1. Thermal conductivity

The transient plane source technique is used to measure the
thermal conductivity of the HGNF/PCM nanocomposites as a func-
tion of temperature. This technique uses a sensor that is immersed
within a surrounding material. The sensor serves as both a heat
source and a transient temperature measurement device; as the
sensor heats up, so too does the surrounding semi-infinite material
[47,48]. When the surrounding material has a low thermal
diffusivity, the sensor temperature rise is large, whereas when
the surrounding material has a high thermal diffusivity, the sensor
temperature rise is small. Using the methods described in [47,48],
the thermal conductivity and volumetric heat capacity of the sur-
rounding material can be extracted simultaneously.

The TPS sensor shown in Fig. 1 is vertically immersed within
the surrounding PCM. The PCM was contained within a cylindrical
vessel and immersed in a constant temperature bath in order to
maintain a constant internal temperature. The internal tempera-
ture of the PCM is monitored prior to testing using thermocouples
in order to ensure that no thermal stratification occurred within
the fluid.

In order to ensure that the experimental run times do not
exceed the time to the onset of natural convection across the sen-
sor face when the PCM is in its liquid form, the procedures devel-
oped in [47,48] are used. Because the specific heat capacity of each
sample is known from the DSC measurements, the uncertainty of
the TPS method is ±5.6% [47,48].
Table 2
Thermophysical properties of experimental materials.

Parameter Value

PCM density (300 K) 880 kg/m3

Nanofiber thermal conductivity 25 W/m K [45,46]
Nanofiber length 1–20 lm [43,44]
Nanofiber diameter 2–100 nm [43,44]
Nanofiber density 2.1 g/cm3

PCM thermal conductivity 0.2 W/m K

TPS
Sensor 

Copper 
Vessel

Thermal 
Bath

Fig. 1. TPS sensor immersed in copper vessel for the measurement of HGNF/PCM
nanocomposite thermal conductivity as a function of temperature.
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4.2. Latent heat of fusion and melt temperature

The specific heat capacity, latent heat of fusion and melt temper-
ature for each HGNF/PCM composite are calculated using DSC heat-
ing curves with a heating rate of 5 �C/min. The procedure for this
experiment is described in ASTM Standard D4419 [49]. The melt
temperature of the material is found by determining the minimum
value of the endothermic peak within the heating curve. The latent
heat of fusion value is determined by integrating over the endother-
mic peak(s). ASTM Standard E1269 [50] is used to determine the
specific heat capacity of the liquid-phase HGNF/PCM nanocompos-
ites as a function of temperature. The measurement uncertainties
for these tests have been calculated previously [51] and are found
to be ±1.9%. The density is obtained as a function of temperature
by a volume displacement test; a 10 mL graduated cylinder with
0.1 mL intervals and 5 mL of water is placed on top of a constant
temperature heater. Each sample’s volume is measured via a con-
ventional volume displacement technique, while its weight is mea-
sured using a Denver Instruments digital balance with an accuracy
of ±0.0001 g. A measurement uncertainty of ±1.4% for this density
experiment is calculated using the method described in [51]. A
T-type thermocouple is used in order to ensure that there is mini-
mal thermal stratification during testing (DT < 0.2 K). The volumet-
ric heat capacity for each HGNF/PCM nanocomposite is calculated
as the product of density and specific heat capacity.

5. Results and discussion

5.1. Microscopy

Optical micrographs are produced in order to determine the
HGNF distribution and cluster morphology within the PCM at
low volume fractions. HGNF volume concentrations of 0.05%,
0.1%, 0.2%, 0.3% and 0.4% are synthesized and imaged in order to
determine the critical volume fraction, /c (or the concentration
of HGNF required to form a percolating network within the PCM)
using a digital optical microscope (Olympus BX51 M). The HGNF
distributions are imaged on glass slides that are dip coated in solu-
tions with the aforementioned concentrations. Prior to dip coating,
the glass slides are cleaned by sonication in a solution of NaOH for
20 min at a frequency of 10 Hz and then sonicated in deionized
water for 10 min at 10 Hz. The micrographs are shown in Fig. 2.

The micrographs in Fig. 2 reveal the distribution of HGNF (dark
regions) within the PCM (light regions) as a function of volume
fraction. In Fig. 2(a), the HGNF particles are completely separated
from one another, indicating that percolation does not exist at
0.05% volume fraction. As the volume fraction increases to 0.1%
(Fig. 2(b)) and then 0.2% (Fig. 2(c)) the HGNFs begin to cluster,
but do not form a completely percolating network. At a volume
fraction of 0.3% (Fig. 2(d)), the HGNF are shown to fully percolate
throughout the PCM, providing a thermally conductive network
for heat flow. Beyond this point, the density of the HGNF network
increases significantly (Fig. 2(e)).

Analytically, the percolation threshold for nanoparticle-based
composites with nanoparticles whose aspect ratios are greater
than 1 is represented by Eq. (8), which was derived by Foygel
et al. [34] and later confirmed by Wemhoff [35].

/cða� 1Þ ¼ 0:6
l � d ð8Þ

In Eq. (8), /c is the critical volume fraction at which percolating
networks of nanofibers are formed, l is the length of the nanopar-
ticle (m), d is the diameter of the nanoparticle (m) and a is the
aspect ratio of the nanoparticle. Using the parameters in Table 2
and inserting them into Eq. (8), we calculate a percolation thresh-
old, /c = 0.3 v%, which is supported by the images in Fig. 2.
ermal properties of a paraffin phase change material embedded with her-
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Fig. 2. Optical micrographs of HGNF distribution in PCM at volume concentrations of: 0.05%, (b) 0.1%, (c) 0.2%, (d) 0.3%, (e) 0.4%. Scale bars are shown in white and are
100 lm.
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The images in Fig. 3 reveal the cluster morphology of HGNF
beyond the percolation threshold. In these figures, the illuminated
ellipsoids are the herringbone graphite nanofibers. For each vol-
ume fraction within the range of 2.8% to 11.4%, it is clear that the
nanofibers percolate throughout the PCM. As the concentration of
HGNF increases, the density of nanofibers per unit area also
increases, yielding more pathways for thermal transport within
the PCM. The morphology in Figs. 2 and 3 will be employed to sup-
port the physical models used to calculate the thermal boundary
resistance at the HGNF–PCM and HGNF–HGNF interfaces. It should
be noted that the nanofibers in Fig. 3 are coated with multiple lay-
ers of paraffin, and are found to have significantly smaller diame-
ters when examined using a Transmission Electron Microscope,
as detailed in previous work [43,44].

5.2. Thermal conductivity and nanoscale thermal boundary resistance

The thermal conductivity of the HGNF/PCM nanocomposites is
determined as a function of temperature and volume loading level.
Fig. 4(a) shows the thermal conductivity while Fig. 4(b) depicts the
difference in thermal conductivity between the solid and liquid
phases where the solid is measured at 293 K and the liquid is mea-
sured at 338 K.

Fig. 4 shows that the thermal conductivity of each HGNF/PCM
composites is appreciably higher in the solid phase than in the
liquid phase. Here, Tmelt is the peak melt temperature of the base
paraffin and is used to distinguish between the materials’ solid
phases and liquid phases. In the solid phase, there is a slight
Please cite this article in press as: Warzoha RJ et al. Temperature-dependent th
ringbone style graphite nanofibers. Appl Energy (2014), http://dx.doi.org/10.10
increase in the thermal conductivity with increasing temperature;
however, the increase is within the reported uncertainty of the
measurement technique. Thus, the thermal conductivity of the
HGNF/PCM nanocomposite cannot be considered a strong function
of temperature in the solid phase.

The variation between solid phase and liquid phase thermal
properties is an important distinction for thermal energy storage
and temperature control applications. In order to increase heat
exchanger effectiveness in thermal energy storage systems, for
instance, the PCM must be able to charge (heat up) and discharge
(cool down) rapidly. During the PCM’s charging state, an enhance-
ment of the liquid-phase thermal conductivity is critically impor-
tant when natural convection is suppressed due to the small
pore sizes that are formed between contacting nanofibers. It
should be noted that although the suppression of natural convec-
tion occurs when the PCM is saturated with nanofibers, the high
surface area-to-volume ratios of the nanofibers allow a greater
mass of PCM to be included in volume-constrained systems than
within foams, primarily due to the manufacturing limitations of
metallic and graphitic foams. In the discharge state, an enhance-
ment in the liquid-phase thermal conductivity of the bulk PCM is
necessary to achieve a rapid discharge of heat from the PCM and
into the desired environment, irrespective of whether the nanopar-
ticles percolate. This is primarily due to the fact that solidification
is a diffusion-dominated process, where natural convection cur-
rents cease to exist. In both the charge and discharge states, an
enhancement in the solid-phase thermal properties of the PCM is
also critical to store and release heat rapidly. Thus, both solid phase
ermal properties of a paraffin phase change material embedded with her-
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Fig. 3. SEM images of HGNF in PCM at: (a) 2.8 v%, (b) 5.8 v%, (c) 8.5 v%, (d) 11.4 v%.

Fig. 4. (a) Temperature-dependent thermal conductivity of HGNF/PCM composites, (b) variance ratio (ratio of solid and liquid thermal conductivity).
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and liquid phase thermal properties are of critical importance for
sufficiently designing thermal energy storage systems. As is shown
in Fig. 4(a), it is difficult to increase the thermal conductivity of the
liquid phase PCM using highly conductive nanoparticles, even
when fully percolating, as only the highest volume fraction
(11.4%) shows any effect on the PCM’s liquid phase thermal
conductivity.

An analysis of the variance ratio (i.e. the ratio between solid and
liquid phase thermal conductivity) of each HGNF/PCM composite
confirms the difficulty associated with increasing the liquid phase
thermal conductivity of organic PCMs (Fig. 4(b)). In this figure, it is
clear that the variance ratio increases with increasing volume frac-
tion, which means that the solid phase thermal conductivity
increases at a higher rate than the liquid phase thermal conductiv-
ity as a function of HGNF volume loading level. This is an important
result, as it indicates that a fully percolating network of nanoparti-
cles does not promote heat flow in a liquid composite as well as it
does in a solid composite. This trend continues until the volume
Please cite this article in press as: Warzoha RJ et al. Temperature-dependent th
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fraction reaches 11.4% where the liquid phase thermal conductivity
increases, reducing the variance ratio. This suggests that either: (1)
there may be a secondary critical volume fraction of nanoparticles
that will result in a decreased ratio between solid phase and liquid
phase thermal conductivity or (2) the nanofiber networks are not
stable enough to remain physically attached and a liquid layer
forms between many of the junctions when the PCM is in its liquid
phase, which is not overcome until a dense enough network is syn-
thesized. These results are consistent with the results presented by
Sanusi et al. [20], who report that when HGNF particles are above a
critical threshold, the total PCM solidification time decreases by
50%.

In order to determine the physical mechanisms that control the
differences between solid phase and liquid phase HGNF/PCM nano-
composite thermal conductivities, the TBR at the HGNF–PCM inter-
face and the HGNF–HGNF interface is calculated by fitting the
physical models developed by Nan et al. [33] and Foygel et al.
[34] to the data in Fig. 5. Given that the thermal conductivity of
ermal properties of a paraffin phase change material embedded with her-
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each composite is not a strong function of temperature in either
phase, each set of data points is averaged in order to extract the
TBR at the nanoparticle–matrix interface (when the nanoparticles
are not percolating) or the nanoparticle–nanoparticle interface
(when the nanoparticles are percolating). The data are plotted as
a function of volume fraction for each phase in Fig. 5(a and b).
Additional data points are generated for solid and liquid phase
thermal conductivities at volume concentrations below the perco-
lation threshold (up = 0.05%, 0.1%, 0.2%) in order to determine the
TBR at the nanoparticle–PCM interface.

In order to fit the data to the Foygel model, r0 is used as a free
parameter. In accordance with Ref. [34], t(a) is determined as a
function of the geometry of the HGNF clusters and was found to
fit at t(a) = 1.4 based on two mathematical relations. Using these
relations, the free parameter r0 is calculated to be r0 = 20 W/m K
for solids and r0 = 10 W/m K for liquids. For the Nan model, the
TBR is determined using Eq. (4) in accordance with the methods
used by Wemhoff [35]. The Nan model is applied to the HGNF com-
posite materials at volume fractions below the percolation thresh-
old, uc. Thus, this range represents the magnitude of the TBR
between an HGNF particle and the surrounding PCM. At HGNF vol-
ume fractions above uc, the Foygel et al. [34] model is applied
using the relation described by Eq. (9) in order to determine the
TBR at HGNF–HGNF interfaces.

Rnp�np ¼ ðr0 � L �utðaÞ
c Þ

�1 ð9Þ

Using the parameters listed in Table 2 and the regressions pro-
vided in Fig. 5, the TBR at HGNF interfaces in both the solid and
liquid phases are calculated. In the solid phase, the TBR between
the HGNF and the PCM is found to be 1.1 � 10�4 m2 K/W, which is
nearly four orders of magnitude higher than the reported results
for TBR at SWCNT- or MWCNT-matrix interfaces [52]. In SWCNT-
or MWCNT-based composites, the TBR is between the outermost
layer of carbon atoms and the host atoms, which tend to weakly
bond to, and align at, the interface [39]. However, the HGNF used
in this study are three-dimensional and non-uniform in nature,
which may disrupt the arrangement of PCM molecules at the inter-
face. Therefore, the TBR at nanoparticle interfaces may not depend
on the size and type of the nanoparticle within the medium alone,
but their dimensionality as well. When the HGNF are in contact
with one another, the TBR was calculated to be 5.4 � 10�5 m2 K/
W, which is significantly less than the TBR at the HGNF–PCM inter-
face. Thus, it is also clear that heat flows preferentially along HGNF
pathways rather than from HGNF to PCM, likely due to the acoustic
phonon mismatch at the HGNF–PCM interface.

In the liquid phase, the TBR at the HGNF–PCM interface is found
to be 1.8 10�4 m2 K/W for volume concentrations of HGNF below
the percolation threshold. This is higher than for the solid phase
at the HGNF–PCM interface. The higher TBR in the liquid phase is
likely caused by the freely moving PCM molecules at the HGNF–
PCM junction, which form a much weaker bond with the HGNF
carbon atoms than the van der Waals bonds formed at the alkane
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(PCM)-carbon (HGNF) interface. At the HGNF–HGNF interface
within a liquid, the TBR is found to be 1.1 � 10�4 m2 K/W, which,
surprisingly, is significantly higher than for the HGNF–HGNF inter-
face in the solid phase. One possible explanation for this result is
that a thin layer of liquid PCM develops between the nanoparticles
upon thermal expansion. This possible liquid layer may be due to
the thermal expansion of the PCM and may also be the cause of
the increase in variance ratio as a function of HGNF loading level
shown in Fig. 5(b) up to 8.5 v%. When the concentration is
increased beyond this point, it is possible that enough of the fibers
remain in contact with one another after thermal expansion that
the heat can flow preferentially through the HGNF.

For comparison, the thermal conductivity data from Zheng et al.
[9] is used to extract a TBR between two-dimensional graphite par-
ticles (>1 lm diameter) in both the solid and liquid phases of an
organic PCM (hexadecane). Here, we fit t(a) and r0 to the data pro-
vided by Zheng et al. [9] for both phases. For the solid phase, t(a) is
calculated to be 1.8 and r0 is found to equal 9000 W/m K. For the
liquid phase, t(a) is calculated to be 1.7, while r0 is calculated to be
4000 W/m K. The discrepancy in the calculated value for t(a) is
likely due to the difference in HGNF cluster morphology between
the PCM’s solid and liquid phases, which is confirmed by the opti-
cal micrographs supplied by Zhang et al. [9]. The resulting TBRs are
calculated to be 2.2 � 10�6 m2 K/W and 2.4 � 10�6 m2 K/W when the
graphite particles are percolating in solid and liquid phases,
respectively. This is consistent with the results of this study; how-
ever the difference between TBR in the solid and liquid phases for
the graphite particles in Zheng et al. [9] is lower than for the HGNF
in this work. It is possible that the asymmetric, three-dimensional
nature of the HGNF distorts the alignment of alkane atoms at the
nanoparticle interface even more than the two-dimensional parti-
cles used by Zheng et al. Considering that the two-dimensional
graphite nanoparticles result in a two-order of magnitude increase
in TBR versus SWCNTs and MWCNTs [52] and the three-dimen-
sional particles used in this study result in a four-order of magni-
tude increase in TBR versus SWCNTs and MWCNTs, it is highly
likely that the dimensionality of the nanoparticle has an effect on
the thermal performance of bulk nanocomposites. Regardless, it
is clear that even for percolating networks of nanoparticles, the
TBR across nanoparticle interfaces is higher in the liquid phase
than in the solid phase. Thus, one challenge for thermal engineers
moving forward is to fabricate a PCM nanocomposite with equiva-
lently high thermal conductivity in both phases such that equiva-
lently high rates of PCM charging and discharging can be achieved.

5.3. Volumetric heat capacity and thermal diffusivity

The temperature-dependent volumetric heat capacity and the
thermal diffusivity of the HGNF/PCM nanocomposites are key
parameters in the general form of the time-dependent energy
equation that describes heat flow during sensible heating periods
(i.e. before and after phase transitions). During a phase transition,
(b)
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Fig. 7. Effective thermal diffusivity of HGNF/PCM nanocomposites as a function of
temperature.
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however, very little of the energy that is applied to the PCM results
in its temperature increase. Instead, the energy is used to loosen or
break apart the PCM’s molecular or atomic bonds via latent heat.
Thus, the PCM does not theoretically have a heat capacity during
periods of phase transition due to the fact that energy is being
absorbed into the PCM’s bond structures. Eqs. (10) and (11) repre-
sent heat flow during periods of sensible and latent heating,
respectively.

E ¼ m � cp � DT ð10Þ

E ¼ m � L ð11Þ

In Eqs. (10) and (11), E represents heat flow (J), m represents the
mass of the bulk material (kg), cp is the specific heat capacity of
the bulk material (J/kg K) and DT is the temperature increase from
one state point to another (K). In Eq. (11), L is the value of the bulk
material’s latent heat during a phase transition. For the solid–liquid
phase transition, this value represents latent heat of fusion (J/kg). In
this study, an effective heat capacity is defined in Eq. (12) to deter-
mine an effective thermal diffusivity during periods of phase tran-
sition. This method has previously been used to determine time-
dependent heat transfer rates into microencapsulated PCMs for
microchannel cooling [53,54] and has been valuable in determining
transient heat transfer coefficients for these systems. For this study,
the effective heat capacity allows one to contrast the effective heat
flow rates within the phase change material as a function of time.

cp ¼ L=DT ð12Þ

The volumetric heat capacity is shown in Fig. 6 and the thermal dif-
fusivity (a = k/q � cp) in Fig. 7 for each of the HGNF/PCM nanocom-
posites as a function of temperature, phase and volume fraction.

In Fig. 6, the volumetric heat capacity is shown to decrease as a
function of increasing HGNF volume fraction. In the solid phase,
the effective volumetric heat capacity is calculated using Eq. (12)
and is shown to decrease rapidly as a function of HGNF volume
fraction. Subsequently, the effective volumetric heat capacity
begins to taper off as the HGNF loading level is increased. The vol-
umetric heat capacity during the solid–liquid phase transition is up
to 2.8 times larger than for the solid phase HNGF/PCM nanocom-
posites and up to 4.4 times larger than for the liquid phase
HGNF/PCM composites. As previously seen for the thermal conduc-
tivity of the HGNF/PCM nanocomposites (Fig. 5), it is difficult to
alter the liquid phase volumetric heat capacity without achieving
a critically dense network of nanoparticles.

The thermal diffusivity of each HGNF/PCM nanocomposite is
shown as a function of temperature in Fig. 7. As a result of both
the increase in the nanocomposites’ solid phase thermal conduc-
tivities and the decrease in solid phase volumetric heat capacities,
the thermal diffusivity increases linearly as a function of HGNF
loading level from 293.15 K to 303.15 K. During the solid–liquid
Fig. 6. Effective volumetric heat capacity of HGNF/PCM nanocomposites as a
function of temperature.
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phase transition, the thermal diffusivity is significantly lower than
either the solid or liquid phase thermal diffusivity, namely due to
the energy conversion process during the phase change. Interest-
ingly, as the HGNF loading level is increased, the difference
between solid and liquid phase thermal diffusivity increases, in
contrast to the difference between solid phase and liquid phase
thermal conductivity. This phenomenon is not directly accounted
for in some of the current computational simulations of solid–
liquid phase change thermal energy storage systems [55], while
others assume that the thermal conductivity of the PCM in its
liquid phase scales linearly with increasing volume fraction of
nanofibers [56], which is not shown to be the case in this study.
It is therefore expected that these results will have important
implications in the design and optimization of thermal energy stor-
age systems in the future.

6. Latent heat of fusion and melt temperature

The melt temperature is defined as the minimum value of the
DSC heating curves shown in Fig. 8, while the latent heat of fusion
is obtained by integrating over the primary endothermic peak in
each heating curve. The melt temperatures and latent heat of
fusion values for pure paraffin and nanoenhanced paraffin are pre-
sented in Table 3.

In Fig. 8, two separate phase transitions occur. In the first, the
PCM undergoes a solid–solid phase change, whereby its molecular
structure is altered. In this case, thermal energy is stored due to a
change in the molecular bonding structure of the alkane molecules.
The presence of this solid–solid peak does contribute to the ther-
mal energy storage of the PCM, but can potentially result in a delay
in reaching the melt temperature. However, the influence of the
Fig. 8. DSC heating curves for HGNF/PCM nanocomposites.
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Table 3
Peak melt temperature and latent heat of fusion values for HGNF/PCM
nanocomposites.

Sample Peak melt temperature (K) Latent heat of fusion (J/g)

IGI 1230A 327.75 271.6
2.8% HGNF 330.55 252.9
5.8% H-GNF 330.15 251.3
8.5% H-GNF 330.35 250.6
11.4% H-GNF 333.65 242.7
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solid–solid phase change found to be minimal in this particular
PCM; DSC results suggest that the solid–solid phase change con-
tributes to less than 10% of the overall thermal energy storage den-
sity of the PCM, while a previous study conducted by the authors
finds that the presence of this peak has a negligible effect on the
total time it takes the PCM to reach its melt temperature [20].

As expected, the latent heat of fusion decreases with increasing
volume fraction of HGNF; however, the PCM is able to retain �90%
of its latent heat value at all volume fractions included in this
study, indicating that the nanofibers do not significantly reduce
the PCM’s ability to store thermal energy. Additionally, the melt
temperature is altered by less than 1%. Thus, the addition of HGNF
does not significantly impact the thermal energy storage character-
istics of the organic PCM used in this study.

7. Conclusions

In this work, the thermal conductivity, volumetric heat capacity
and thermal diffusivity were obtained for an organic phase change
material (PCM) enhanced with different volume fractions of her-
ringbone-style graphite nanofibers. Results show that the thermal
conductivity of the HGNF/PCM nanocomposites increases expo-
nentially in the PCM’s solid phase as the nanoparticles begin to
percolate. However, the PCM’s liquid phase thermal conductivity
does not increase significantly until the nanoparticles reach a crit-
ically dense state within the PCM, which is beyond the percolation
threshold. The ratio of solid to liquid phase thermal conductivity
(or variance ratio) was reported to support these findings; the var-
iance ratio was shown to increase from 1.5 when the PCM was not
saturated with nanoparticles to 2.4 at a volume fraction of 8.5%
HGNF. The PCM’s variance ratio did not decrease until a critically
dense network of nanofibers existed in both its solid and liquid
phases.

An analysis of the thermal boundary resistance at HGNF–PCM
and HGNF–HGNF interfaces was completed to determine how well
heat flows from the PCM to the nanoparticles and across the con-
tact points along a three-dimensional network of nanostructures.
It was shown that the thermal boundary resistance at the HGNF–
PCM interface was much higher than the HGNF–HGNF interface
in both the solid and the liquid phases, while the liquid phase
HGNF–HGNF interfaces exhibited a thermal boundary resistance
that was as much as an order of magnitude higher than the
HGNF–HGNF thermal boundary resistance in the solid phase. These
results were then compared to the interfacial thermal resistance at
two-dimensional nanoparticle interfaces (graphene) and the
results suggest that the thermal boundary resistance is substan-
tially higher at the interface of a three-dimensional nanostructure
than a two-dimensional nanostructure when the nanostructures
are in contact with one another. Additionally, it was found that
the solid and liquid phase thermal boundary resistances at nano-
particle junctions were nearly identical when the two-dimensional
nanostructures were fully percolating.

The volumetric heat capacity, thermal diffusivity, latent heat of
fusion and melt temperature were also obtained for the percolating
HGNF/PCM nanocomposite materials. The results show that the
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volumetric heat capacity peaks during the period of solid–liquid
phase transition, while it is lowest in the liquid phase. The dispar-
ity between solid and liquid phase thermal diffusivity was found to
increase with increasing concentration of nanoparticles, in contrast
to the results for thermal conductivity. It is therefore recom-
mended that these physical phenomena be accounted for in com-
putational and analytical studies in place of the general effective
medium approximations that are used to predict these values.
The latent heat of fusion for each nanocomposite was calculated
to be within at least 90% of the base PCM value, while the melt
temperature was altered by less than 1%. These results suggest that
the presence of nanoparticles within the PCM does not signifi-
cantly alter the PCM’s performance in applications.
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