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This work characterizes the inward melting and freezing of phase change materials (PCMs) within small diameter polymer tubes under convective boundary conditions. Using air as the heat transfer ﬂuid, a custom-built
experimental apparatus was used to control the convective heating and cooling of vertically oriented PCM-ﬁlled
tubes with an outer diameter of 3.175 mm. Various air speeds and air temperatures were investigated, as well as
the eﬀects of wall thickness and material properties, using three diﬀerent polymer encapsulant tubes. Volume
fraction, latent heat transfer rate, and the associated overall heat transfer coeﬃcient have been measured experimentally during the transient melting and freezing processes. Using a commercially available paraﬃn-based
PCM with a nominal melting temperature of 35 °C, phase change times ranging from 50 s to 180 s were recorded
with air speeds and air temperatures of 4.7–15.3 m/s and 25.3–62.6 °C, respectively. Overall latent heat transfer
coeﬃcients as high as 200 W/m2 K were measured and shown to decay with time as the PCM changes phase
during inward melting and freezing. For the thinnest encapsulants tested here, the results were consistent with a
simpliﬁed one-dimensional quasi-steady-state thermal circuit model. Deviations from this model were observed
and explained, including the importance of the wall thickness and thermal conductivity of the encapsulant.

1. Introduction
The use of phase change materials (PCMs) for thermal energy storage has become increasingly popular due to their high latent heats
[1,2]. These materials absorb and release energy with small changes in
temperature and density by undergoing a reversible solid-liquid phase
change [3,4]. The energy per unit volume that can be transferred to and
from PCMs in the form of latent heat far exceeds those associated with
sensible heating of traditional materials [5]. PCMs are used for energy
storage applications and thermal management in a variety of systems,
including solar energy [6], buildings [7], and electronic devices [8].
Many experimental and analytical studies have been conducted on the
melting and solidiﬁcation of PCMs [9–12]. These include works examining a variety of enclosures and encapsulation geometries such as
spheres, vertical and horizontal cylinders, rectangular containers, and
annular cavities [13–16].
Most research in the ﬁeld of PCM heat transfer and thermal storage
has focused on constant wall temperature boundary conditions where
water is used as the heat transfer ﬂuid [17–20]. An emphasis has also
been placed on PCM enclosures with characteristic dimensions on the
order of several centimeters or larger [21–23]. Sparrow and Broadbent
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[24] conducted inward freezing experiments under constant wall temperature conditions on a vertical cylinder ﬁlled with n-eicosane with a
diameter of 5.08 cm and a length of 39.4 cm. They determined that
latent energy is the largest contributor to the total energy during this
heat transfer process and that the eﬀect of natural convection is modest
and largely limited to an initial short period of the freezing process.
Sparrow and Broadbent [25] also performed melting experiments on
this vertical cylinder and showed that natural convection plays an important role during the melting process, leading to 50% higher heat
transfer rates than those predicted by a pure conduction model. Menon
et al. [26] used vertical cylinders ﬁlled with a commercial paraﬃn with
diameters ranging from 1.91 to 3.18 cm and lengths ranging from 30.5
to 61.0 cm for constant wall temperature melting and freezing experiments. They found good agreement between their experimental results
and their model for inward melting, which used an eﬀective thermal
conductivity to account for natural convection eﬀects.
The total energy stored within a PCM is proportional to the volume,
and as such, many studies have been conducted on phase change processes within relatively large enclosures. These typically include the
inevitable eﬀects of natural convection within the liquid phase PCM.
Little work has been conducted on small-scale geometries, with
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Nomenclature
A
Cp
E
g
h
hSL
k
L
m
P
Q
Q″
R
r
Ra
St∗
t
T
U
V
v
w

Greek symbols
α
β
ν
ρ
ϕ

area, m2
speciﬁc heat, J/kg K
energy, J
gravitational acceleration, m/s2
heat transfer coeﬃcient, W/m2 K
latent heat of fusion, J/kg
thermal conductivity, W/m K
length of PCM, m
mass, kg
pressure, Pa
heat transfer rate, W
heat ﬂux, W/m2
thermal resistance, K/W
radius, m
Rayleigh Number
modiﬁed Stefan number
time, s
temperature, °C
overall heat transfer coeﬃcient, W/m2 K
volume, m3
speed, m/s
wall thickness, m

thermal diﬀusivity, m2/s
thermal expansion coeﬃcient, 1/K
kinematic viscosity, m2/s
density, kg/m3
volume fraction

Subscripts
A
B
e
i
in
L
lat
o
s
S
sens
tot
∞

initial PCM phase
ﬁnal PCM phase
encapsulant
inner
initial
liquid
latent
outer
solid-liquid interface
solid
sensible
total
airﬂow

experimental work undertaken here. Dubovsky et al. [34] developed an
analytical solution which disregards the eﬀects of internal natural
convection to determine the heat transfer rate, energy storage, and total
melting time for a heat exchanger where PCM melts inside tubes and air
ﬂows across the tube banks. This model neglects the eﬀects of sensible
heating due to their small size in comparison to the latent heat storage.
The analytical solution showed good agreement when compared to an
existing numerical solution developed by Letan and Ziskind [35]. Ezra
et al. [36] extended the work of Dubovsky et al. to analyze the latent
heat storage of a system that contains multiple PCM’s arranged in a
cascade. Making a quasi-steady assumption and neglecting sensible
heating eﬀects, they were able to construct and solve a one-dimensional
thermal resistance model for a single tube using an explicit numerical
scheme. They then expanded their scheme to include arrays of encapsulated PCM tubes and the eﬀects of the tube array on the working
ﬂuid. They showed the impact of the number of tubes, number of PCMs,
melting temperatures, and working ﬂuid conditions on the phase
change dynamics and optimized the system based on these parameters.
They also extended their model to include the eﬀects of sensible heating
by numerically discretizing the internal sections of the PCM and encapsulant to model the temperature proﬁle within the tube. They
showed that for a small Stefan number of 0.04, little discrepancy is seen
between the two approaches. For a larger Stefan number of 0.9, notable
diﬀerences in the two predictions were seen.
Zhao et al. [37] numerically simulated the energy storage of centimeter-scale stainless steel encapsulated PCM tubular structures, where
NaNO3 was used as the PCM. They used both air and Therminol/VP-1 as
the working ﬂuid for cross ﬂow and axial ﬂow arrangements. They
utilized a front-tracking method and an enthalpy-porosity approach and
found good agreement between these two methods.
Others have studied the phase change dynamics of PCM in a shell
and tube arrangement, both experimentally and analytically. Anisur
et al. [38] created a theoretical model to study melting phenomena in a
horizontal shell and tube arrangement, where air passes through the
tube while PCM is stored in the outer annulus, or shell. They modeled
the situation as laminar forced convection with a varying wall temperature and tested the eﬀect of parameters such as inner radius and
wall thickness of the tube. Their model was used to test inner radii
ranging from 8.79 to 25 mm. They found that as the inner radius

characteristic dimensions of a few centimeters or less, where the impact
of natural convection is smaller and less understood. Han et al. [27]
conducted inward melting experiments on paraﬃn-ﬁlled vertical tubes
made of glass immersed in a constant temperature water bath. They
tested ﬁve tubes with diameters ranging from 1.26 cm to 5.78 cm, all
with a length of 25 cm, and compared their results to a conduction only
model. They found that for diameters greater than 2.10 cm, the experimental heat transfer rates were higher than predicted by the model
due to the presence of natural convection. For small tubes with diameters less than 2.10 cm, their experimental data closely matched their
model and the eﬀects of natural convection were shown to be negligible.
Due to the relatively low thermal conductivity of paraﬃn-based
PCMs, many researchers have investigated the use of high conductivity
additives to enhance conduction through the PCM [28–31]. Rahman
et al. [32] studied the inward melting and solidiﬁcation of n-eicosane in
vertical cylindrical enclosures with copper walls held at a uniform
surface temperature. Cylinder diameters of 6 mm and 14 mm were
studied using a custom-built apparatus, providing fast response times to
measure the dynamic heat transfer rates during rapid solidiﬁcation and
melting with and without nano-additives. Similar to Han et al. [27],
they found good agreement with a model neglecting the eﬀects of
natural convection. It was found that while nano-additives decreased
the overall melting and freezing times, they had little eﬀect on the initial stages of phase change and resulted in only modest enhancements
of heat transfer. While most research focuses on constant wall temperature boundary conditions, recent work has been conducted using
convective boundary conditions to drive phase change within an encapsulated PCM geometry. Temirel et al. [33] examined the solidiﬁcation of additive-enhanced eicosane in spherical enclosures with diameters of 32 and 46 mm using convective cooling of air produced in a
wind tunnel. They compared their experimental results against a conduction-controlled thermal network model and found that freezing
times were less than those predicted due to the formation of dendrite
structures, consistent with the ﬁndings of Rahman et al. [32].
Convective freezing and melting of PCM encapsulated within thin
cylindrical geometries has recently been studied using analytical and
numerical approaches by Dubovsky et al. [34], Letan and Ziskind [35],
and Ezra et al. [36], which provide a good framework for the
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inward melting and freezing of PCM within polymer cylindrical enclosures under convective boundary conditions. Figure 1 shows a
photograph of the test setup, a schematic of the air handling unit
system, and a diagram of the PCM-ﬁlled polymer tube. A
35 mm × 70 mm × 0.61 m wind tunnel was constructed from polycarbonate and used to maintain a vertically oriented PCM-ﬁlled tube
and provide convective heating and cooling, as seen in Fig. 1(a). Flow
straighteners were inserted at the inlet and outlet of the wind tunnel to
ensure straight, uniform ﬂow. Preceding the vertical PCM-ﬁlled
polymer tube, a pitot probe connected to a pressure transducer followed
by a thermocouple were embedded in the wind tunnel to determine air
speed and temperature, respectively. Figure 1(b) shows the air handling
unit design, where ambient air is driven through a ﬂow diverter into a
large plenum using a blower. After the plenum, one air stream passes
through an air heater (Omega, AHF-10120), where a temperature
controller (Omega, CN1504TC) is used to maintain a constant and
controlled “hot” air temperature. A second air stream exits the plenum
directly, creating a complementary “cold” airﬂow at ambient room
temperature. Coarse mesh screens were used at the plenum exit of the
cold air stream to add an additional ﬂow resistance comparable to that
of the heater. This was done to create similar air speeds for the hot and
cold ducts leaving the air handling unit. During testing, one of the two
airﬂows is connected to the wind tunnel, pushing air past the pitot
probe and wind tunnel thermocouple, and providing a known convective boundary condition across the PCM-ﬁlled tube.
A diagram of the polymer tube ﬁlled with PCM is shown in Fig. 1(c),
with all of the relevant geometric parameters identiﬁed. The PCM-ﬁlled
tube is mounted vertically in the wind tunnel, with a small plastic insert
at the base and an air pocket at the top of the tube. This ensured that
the encapsulated PCM was located suﬃciently far from the walls
(∼6 mm) to be unaﬀected by the boundary layers forming along the
wind tunnel. The tube extends out from the top of the wind tunnel and
is connected to an electronic pressure sensor (Omega, PX41910WDWU5V) to measure the air pressure within the polymer tube
above the PCM. This arrangement allows for the direct measurement of
the volume of PCM having undergone phase change during the transient melting and freezing processes, as previously demonstrated
[32,42]. The liquid and solid PCM phases have distinctly diﬀerent
densities. As the PCM undergoes phase change (melting or freezing),
the change in PCM volume leads to a complimentary change in the air
volume in the tube above the PCM. This contraction or expansion of the

decreased or as the wall thickness of the tube increased, the outlet
temperature of the air increased. Anisur et al. [39] later created an
experiment to check the validity of their analytical model. They built a
shell and tube heat exchanger with walls made of 1 mm thick copper.
The inner radius of the tube, the outer radius of the shell, and the length
of the heat exchanger were 5.35 mm, 18 mm, and 1.00 m, respectively.
They found good agreement between the expected outlet air temperature produced by their model and that created by their experiment.
Wang et al. [40] conducted melting and freezing experiments on a
vertical shell and tube arrangement using erythritol as the PCM and air
as the heat transfer ﬂuid. They studied the location of the solid-liquid
interface during phase change as well as the role of natural convection
during melting. Their stainless steel shell and tube structure had an
inner diameter of the tube and outer diameter of the shell of 40 and
108 mm, respectively. They showed that as air temperature and mass
ﬂow rate increased, heat transfer was enhanced and the phase change
duration decreased.
The current work focuses on the use of convective boundary conditions applied to polymer encapsulant tubes with smaller diameters
(3.125 mm) and larger aspect ratios than have been experimentally
studied previously. High aspect ratio, small diameter PCM geometries
provide large surface-area-to-volume ratios. This increases convective
heat transfer rates and minimizes the impact of low conductivity PCM
without the need for nano-additives. Polymer encapsulants are investigated due to their low cost, light weight, ease of manufacturing,
and resistance to degradation over long operational times. The tubular
structures can be manufactured into high-porosity heat exchanger
geometries capable of absorbing and rejecting heat to and from convective ﬂows passing over them. They have potential use in next-generation thermal management systems for power plants, data centers,
HVAC, and a variety of other industrial applications [41]. The work
presented here encompasses a systematic experimental investigation of
singular PCM-ﬁlled tube structures heated and cooled using air. It
characterizes the eﬀects of convective ﬂow speed, air temperature, and
encapsulant properties, and provides a framework for designing highporosity thermal storage media based on PCMs encapsulated within
thin polymer tubular geometries.

2. Experimental methods
A custom-built experimental apparatus was used to study the

Fig. 1. Experimental apparatus used to characterize the inward melting and freezing of PCM within small-diameter polymer tubes, showing (a) the custom-built wind tunnel instrumented
to measure air speed and temperature and (b) a schematic of the air-handling unit used to simultaneously generate hot and cold air ﬂows. (c) A diagram of the encapsulated PCM
geometry within the airﬂow passageway showing relevant dimensions.
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air is sensed directly via a change in air pressure. During testing, the air
temperature and speed, as well as the air pressure above the PCM, were
recorded using a data acquisition system (National Instruments, Austin,
TX) at a frequency of 1 Hz.
A commercial PCM (Rubitherm 35 HC) comprised of a blend of
several paraﬃn-based PCMs was used for all experiments reported here.
Table 1 lists the properties of Rubitherm 35 HC. It has a melting temperature range of 34–36 °C, with a peak value of 35 °C used here as the
nominal melting temperature, Tmelt.
To study the impact of encapsulant materials and geometries, three
diﬀerent polymer tubes were evaluated in this study, speciﬁcally highdensity polyethylene (HDPE), polyamide (PA), and low-density polyethylene (LDPE). Table 2 lists the properties of the three polymer tubes
used in this experiment. The HDPE tube had the thinnest wall and the
highest thermal conductivity among the encapsulants considered here.
Thus, the HDPE tube contained the largest PCM volume and had the
smallest thermal resistance due to conduction through the wall. These
factors suggest that it has a superior storage capability and heat transfer
eﬃciency.
Figure 2 shows a representative set of data taken for one melting
and freezing cycle. Room temperature air (∼25 °C) is ﬁrst supplied to
the wind tunnel at a speed of ∼9 m/s, passing over a PCM-ﬁlled HDPE
tube initially in the frozen state. The “cold” line from the air handling
unit is then removed from the wind tunnel and quickly replaced by the
“hot” air line. The vertical dashed lines in Figs. 2(a–c) denote the
switchover time. After the switchover, the air speed remains nearly
constant while the air temperature quickly increases to a temperature of
∼42 °C, initiating melting of the PCM within the HDPE tube.
Figure 2(c) shows the transient liquid volume fraction of the PCM
during phase change. The PCM starts completely solidiﬁed (ϕL = 0),
then becomes completely liqueﬁed (ϕL = 1) when the melting process is
complete, then returns to a completely solidiﬁed state (ϕL = 0) when
the freezing process is ﬁnished. By monitoring the change in air pressure, ΔPair, within the tube, the expansion or contraction of the PCM
due to phase change is measured directly, and the volume fraction of
PCM having undergone phase change is calculated as

Table 2
Properties of polymer encapsulant tubes.

HDPE
PA
LDPE

2ro (mm)

we (mm)

2ri (mm)

ke (W/m K)

Cp,e (J/kg K)

ρe (kg/m3)

3.18
3.18
3.18

0.20
0.37
0.79

2.78
2.44
1.59

0.49
0.25
0.33

2250
1650
2100

970
1150
940

Video 1. Melting.

−1

ϕB =

ρ
VB
VA ⎛ Pair,in + ΔPair ⎞ ⎤
= ⎜⎛ A ⎟⎞ ⎡1 +
⎢
ΔPair
Vtot
Vair,in ⎝
⎠⎥
⎦
⎝ ρA −ρB ⎠ ⎣
⎜

⎟

(1)

where V, ρ, and P represent volume, density, and pressure, respectively.
In Eq. (1), the subscripts A and B represent the starting and ending
phases (either liquid, L, or solid, S), respectively, while the subscripts in
and tot refer to initial and total values. This approach to measure volume fraction, ϕB, has been successfully demonstrated in previous
publications, including the development and derivation of Eq. (1)
[32,42]. The length of the tube, and consequently the volume of air
between the PCM and the pressure transducer, was chosen to yield
pressure changes in the range of 1.0–1.5 kPa during freezing and
melting. Figure 2(d) shows time-lapse images extracted from video
recordings during the melting process, where solidiﬁed PCM appears
opaque and white, while liqueﬁed PCM is transparent. After the PCM
has completely melted and the system has reached thermal equilibrium,
the airﬂow is switched from hot back to cold and freezing of the PCM is
initiated. Figure 2(e) shows images from the solidiﬁcation process,
where the liquid fraction (Fig. 2(c)) goes from unity back to zero after
freezing is complete. Please see the supplemental materials for videos of
the complete melting and freezing processes.

Video 2. Freezing. The reproducibility of the applied boundary conditions
and the experimental measurement technique shown in Fig. 2 has been
validated through repeated testing. Continuous freezing and melting at
a ﬁxed air speed and air temperature were conducted for over 110
cycles using an HDPE tube over a 3 day period. No deviation of the
applied boundary conditions or measured parameters was observed
throughout this period, which corresponds to more than 16 h of active
phase change. In addition to measuring air temperature (T∞), air speed
(v∞), and PCM volume fraction (ϕB), the data shown in Fig. 2 can be
used to calculate heat transfer rate and the overall heat transfer coefﬁcient associated with latent heat during the phase change processes.
The total latent heat transfer rate can be calculated using

Qlat = ρB hSL

dVB
dt

(2)

Table 1
Thermophysical properties of rubitherm 35 HC.
Tmelt (°C)

hSL (kJ/kg)

Cp (J/kg K)

ρL (kg/m3)

ρS (kg/m3)

k (W/m K)

α (m2/s)

β (1/K)

ν (m2/s)

35

240

2000

770

880

0.2

1.25 × 10−7

7.6 × 10−4

3.6 × 10−6
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Fig. 2. Experimental characterization of melting and freezing of PCM under convective boundary conditions, showing the controlled (a) air temperature and (b) air speed during a
representative test, as well as (c) the measured dynamic liquid volume fraction. Time lapse images of PCM-ﬁlled HDPE tubes undergoing the (d) melting and (e) freezing processes, where
liqueﬁed PCM appears transparent and solidiﬁed PCM appears white. See supporting material for complete videos.

which includes the eﬀects of the tube wall. In Eq. (6), ΔE is a change in
energy, the subscripts sens and lat refer to the sensible and latent heat
components, respectively, and the subscript e stands for the encapsulant. The mass of the PCM and the encapsulant are represented by
m and me, respectively, while the speciﬁc heat of the PCM and the
encapsulant are represented by Cp and Cp,e, respectively. Incorporating
geometric relations, the modiﬁed Stefan number can be written as

where hSL is the latent heat of fusion of the PCM. The latent heat ﬂux is
calculated using the tube-to-air surface area, Ae, as

″ =
Qlat

ρ hSL dVB
Qlat
= B
.
Ae
2πro L dt

(3)

Using Eq. (1) and the total volume of PCM within the tube (Vtot = π
ri2 L), the latent heat ﬂux can be written as

ρ hSL ri2 ⎤ dϕB
″ =⎡ B
Qlat
⎢ 2ro ⎥ dt
⎣
⎦

St ∗ =
(4)

″
Qlat
.
|Tmelt−T∞ |

(5)

For all of the experiments conducted in this work, the air speed and
air temperature were maintained constant, while the PCM volume
fractions, latent heat ﬂuxes, and overall latent heat transfer coeﬃcients
were recorded as a function of time during freezing and melting.
Uncertainties for all of the measured values have been estimated using
the propagation of experimental errors (see the supporting material for
complete details).
During the phase change processes, sensible energy is also stored
and released from the encapsulated PCM tubes, in addition to the latent
heating considered in Eq. (2). To evaluate the relative importance of
sensible and latent heating during the experiments, a modiﬁed Stefan
number is calculated as

St ∗ =

(mCp + me Cp,e )|Tin−T∞ |
ΔEsens,PCM + ΔEsens,e
=
ΔElat
mhSL

⎜

⎟

(7)

The ﬁrst term in the outermost bracket in Eq. (7) represents a traditional Stefan number for the PCM, including the initial subcooling or
superheating of the PCM. The second term accounts for the additional
sensible heating associated with the encapsulant tube.
Prior work has suggested that the eﬀects of natural convection
within the PCM are negligible during phase change for the small diameter tubes considered in this work. Nevertheless, the Rayleigh number
has been calculated for each experiment to quantify the eﬀects of
buoyancy driven ﬂows on the overall latent heat transfer rates, and is
deﬁned as

with the overall heat transfer coeﬃcient associated with latent heat
given by

Ulat =

Cp |Tin−T∞ | ⎡
ρ Cp,e ⎡ ⎛ ro ⎞2 ⎤ ⎤
1+ e
−1⎥ ⎥
⎢
hSL
ρCp ⎢
⎣ ⎝ ri ⎠
⎦⎦
⎣

Ra =

gβ
|Tmelt−T∞ |ri3
υα

(8)

where g is the gravitational acceleration and β, ν, and α are the volumetric thermal expansion coeﬃcient, kinematic viscosity, and thermal
diﬀusivity of liquid PCM, respectively.
3. Modeling

(6)

The melting and freezing processes within the encapsulant tubes are
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inherently complex. The PCM-ﬁlled tubes absorb and reject energy in
the form of latent as well as sensible heat during the highly dynamic
processes. Heat is transferred via convection in the air, conduction
through the tube wall, and potentially through both conduction and
natural convection within the PCM itself. Additionally, the time-lapse
imaging shown in Figs. 2(d) and (e) suggests that the PCM freezing and
melting processes vary in the angular and axial directions of the cylindrical geometry. While detailed modeling and simulation of these
combined and complex eﬀects is beyond the scope of this paper, an
existing one-dimensional modeling approach has been used to compare
against experimental results. This modeling approach was ﬁrst reported
by Ezra et al. [36] and is used to analyze the phase change dynamics
under convective boundary conditions. The analysis described below,
including all assumptions and simpliﬁcations, is identical to the approach described by Ezra et al. [36] for modeling phase change dynamics within single tubes.
Figure 3 shows the idealized geometry considered for this model,
which assumes that the melting and freezing processes are purely inward with no variations in the axial or angular directions. The PCM
changes from phase A to phase B due to an applied convective boundary
condition with a constant and known air temperature and heat transfer
coeﬃcient. During phase change, the solid-liquid interface, denoted by
rs(t), propagates radially inward.
If the processes can be considered as quasi-steady (neglecting the
eﬀects of sensible heating), the heat transfer rates can be predicted
using a simple thermal circuit model as shown in Fig. 3. Heat is exchanged between the air (at T∞) and the solid-liquid interface (at Tmelt)
through a series of three thermal resistors. The ﬁrst resistance is due to
convection from the surrounding air ﬂow and is given by

Rair = [2πro Lh]−1

Ulat (t ) =

ln(ro/ ri)
2πLk e

2

ϕ=

ln(ri/ rs (t ))
2πLkPCM

V (t )
r (t )
= 1−⎡ s ⎤ .
⎢
πri2 L
⎣ ri ⎥
⎦

(16)

Eqs. (11)–(16) vary in time as the solid-liquid interface propagates
inward during either melting or freezing. Prior to the initiation of
melting or freezing during an experiment, all of the PCM inside the tube
is in phase A and rs is equal to the inner radius of the tube, ri. As the
phase change process occurs, the outer portion of PCM changes from
phase A to phase B, and rs decreases as the solid-liquid interface propagates inward. When phase change is complete, the whole volume of
PCM is in phase B and rs has reached a value of zero. During phase
change, rs varies from ri to zero, ϕB varies from zero to unity, and the
quasi-steady thermal resistance across the PCM, RPCM, varies from zero
(phase change has not yet begun) to inﬁnity (all PCM has undergone
phase change).
An explicit numerical scheme is used to solve for the transient
quantities in Eqs. (11)–(16) in MATLAB, where the location of the solidliquid interface is discretized in time and solved numerically with a
time step of Δt = 0.035 s. This is done by ﬁrst setting rs (t = 0) = ri,
representing the ﬁrst moment that phase change is initiated. Eqs.
(9)–(16) are then solved and the rate at which the PCM has undergone
phase change during this time step is calculated as

dmB (t )
Q (t )
= lat
dt
hSL

(9)

(17)

At each time step, the total mass of PCM that has undergone phase
change is adjusted based on the phase change having occurred during
that time step as

mBt+Δt =

dmBt
Δt + mBt,
dt
t+Δt

(18)

t

where mB
and mB represent the total PCM having undergone phase
change for the current and previous time step, respectively. Therefore,
at each new time step, the location of the solid-liquid interface can be
found using the equation for the annular volume of PCM having undergone phase change, represented by

(10)

where ke is the thermal conductivity of the polymer encapsulant. These
two resistances remain constant during the melting and freezing processes. The ﬁnal resistance changes in time and is due to conduction
across the PCM that has already undergone phase change, and is given
by

RPCM (t ) =

(15)

respectively. Knowing the location of the solid-liquid interface at any
time, the volume fraction is calculated as

where h is the air-side heat transfer coeﬃcient. This heat transfer
coeﬃcient is dictated by the air-side Reynolds number and is calculated
using the established empirical correlation given by Hilpert [43]. In this
work, the air-side heat transfer coeﬃcient had values ranging from
120–215 W/m2 K. The second resistance is the resistance due to conduction across the wall of the polymer tube, and is given by

Re =

″ (t )
Qlat
= [2πro LRtot (t )]−1,
|Tmelt−T∞ |

V (t ) =

mB (t )
= πL [ri2−rs (t )2].
ρ

(19)

(11)

where rs(t) is the time-dependent location of the solid-liquid interface as
illustrated in Fig. 3. This explicitly assumes that during melting, natural
convection in the liqueﬁed PCM is not aﬀecting the total latent heat
transfer rate, as suggested by prior work [27,32]. At any time step, the
total latent heat transfer rate can therefore be determined by

Qlat (t ) =

|Tmelt−T∞ |
Rtot (t )

(12)

where the total resistance is given by

Rtot (t ) = Rair + R e + RPCM (t ).

(13)

Based on this, the latent heat ﬂux and overall latent heat transfer
coeﬃcient are given by

″ (t ) =
Qlat

Qlat (t )
2πro L

(14)

Fig. 3. Schematic of the simpliﬁed geometry assumed during inward melting or freezing
of PCM, from phase A to phase B, within the cylindrical encapsulant.
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suggest that the inﬂuence of internal natural convection within the liqueﬁed PCM is not playing a signiﬁcant role in enhancing heat transfer.
For each test condition, the modiﬁed Stefan number is calculated and
used to evaluate the importance of sensible heating on the overall
thermal energy absorbed or rejected by the encapsulated PCM.

Using this approach, Eqs. (11)–(19) are evaluated at each time step,
yielding a prediction for the dynamic volume fraction, latent heat ﬂux,
and overall latent heat transfer coeﬃcient for any given test condition.
This model neglects sensible heating and natural convection of the liqueﬁed PCM and assumes a one-dimensional radially inward freezing/
melting process. While the validity of these assumptions need to be
addressed for each given test condition, this model has been used to
compare against experimental results in the current work. Additionally,
this approach provides a convenient framework for designing PCMﬁlled polymer encapsulant heat exchangers under convective boundary
conditions.

4.1. Eﬀect of air speed
The eﬀect of air speed on phase change dynamics was studied using
the thin-walled HDPE tube for both freezing and melting. Figure 4
shows the volume fraction and latent heat ﬂux as a function of time for
three diﬀerent air speeds. Figures 4(a) and (b) show the results for
freezing of liqueﬁed PCM using room temperature air, while Figs. 4(c)
and (d) show the results for melting of solidiﬁed PCM using heated air
from the air handling unit. Three diﬀerent air speeds were characterized, ranging from 4.7 to 15.3 m/s. During freezing, the PCM is initially
superheated to Tin ∼ 42 °C and the air temperature varies between 25.5
and 26.3 °C. During melting, the PCM is initially subcooled to
Tin ∼ 25 °C and the air temperature varies between 42.1 and 42.9 °C.
This results in subcooling and superheating values of ΔT = Tin − T∞
ranging from 15.8 to 17.4 °C. For all of the data sets presented in Fig. 4,
the modiﬁed Stefan numbers are calculated to be in the range of
St∗ = 0.18–0.2. For all of the tests using HDPE tubes, ∼28% of the

4. Results and discussion
The experimental apparatus shown in Fig. 1 was used to characterize the phase change dynamics and latent heat transfer of three
diﬀerent polymer tubes ﬁlled with PCM exposed to convective
boundary conditions. The eﬀects of air speed and air temperature, as
well as polymer geometry and material, have been characterized here.
All data sets have been presented starting from the initiation of phase
change (airﬂow switchover) up to a volume fraction of ϕB = 0.9. The
Rayleigh numbers for all of the experiments were calculated using Eq.
(8) and ranged anywhere from 50 to 1200. These low Rayleigh numbers

Fig. 4. The eﬀects of air speed on (a) dynamic solid volume fraction and (b) latent heat ﬂux during freezing, as well as (c) dynamic liquid volume fraction and (d) latent heat ﬂux during
melting at three diﬀerent air speeds for thin-walled HDPE tubes are shown.
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results show a counterintuitive increase in latent heat ﬂux with time
during the initial stages of freezing. This is consistent with the results
from Temirel et al. [33] and Rahman et al. [32], which have been attributed to increased solid-liquid surface area associated with dendrite
formation during the initial stages of freezing.
The performance of the PCM-ﬁlled polymer tubes during phase
change is best captured in the overall latent heat transfer coeﬃcient,
which accounts for the entire heat transfer path from the air to the
solid-liquid interface. Figure 5 shows the resulting overall latent heat
transfer coeﬃcient plotted against time, as well as volume fraction, for
the various air speeds during melting and freezing. Figures 5(a) and (c)
show that the overall latent heat transfer coeﬃcients begin as high as
200 W/m2 K prior to the initiation of phase change, and then decrease
with time as the solid-liquid interface propagates inward.
Figures 5(b) and (d) show the overall latent heat transfer coeﬃcient
plotted as a function of the volume fraction of PCM having undergone
phase change. For melting, the experimental results are relatively
consistent with the model (within the uncertainty), which underpredicts latent heat transfer in the initial stages and overpredicts it in
the latter stages. Larger variations are observed for the freezing results,
including a greater discrepancy between the model and experiment.
While the model predictions generally capture the encapsulated PCMs

sensible heating is associated with the encapsulant material and ∼72%
of the sensible heating is associated with the PCM itself. These Stefan
numbers show that sensible heating makes up 15–17% of the total
thermal energy absorbed and rejected during the entire phase change
process. While these values are not entirely negligible, they are comparable to the experimental uncertainty. They also show that latent
heat is the primary mechanism of thermal energy storage, dominating
the overall heat transfer process.
It can be seen that for higher air speeds, the durations of the freezing
and melting processes decrease and the model predictions for the volume fraction more closely match the experimental data. As the air
temperature is switched from hot to cold (or vice versa), the PCM and
polymer tube ﬁrst exchange sensible heat with the air, delaying the
phase change process. At the lower air speeds, this eﬀect is more pronounced, leading to large discrepancies with the model. As would be
expected, higher air speeds coincide with higher latent heat ﬂuxes
(albeit over shorter durations), which is in agreement with the modeling predictions at the early stages of phase change. At later times, the
latent heat ﬂuxes are comparable to each other within their experimental uncertainties. The latent heat ﬂux measurements qualitatively
match the model predictions during melting tests at each air speed,
showing a monotonically decreasing value with time. The freezing

Fig. 5. Overall latent heat transfer coeﬃcient plotted against time, as well as solid volume fraction during (a-b) freezing and liquid volume fraction during (c-d) melting of PCM at three
diﬀerent air speeds for thin-walled HDPE tubes.
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the thick-walled LDPE tube, resulting in a longer phase change time
despite its higher latent heat transfer rate. Figures 7(b) and (d) show the
resulting overall latent heat transfer coeﬃcient as a function of volume
fraction for freezing and melting, respectively. As can be seen, the
HDPE tubes produce the highest overall latent heat transfer coeﬃcients,
followed by the PA and then the LDPE. This is expected when considering the thermal resistances due to conduction across the encapsulant wall for each tube. The thermal resistance for the HDPE, PA,
and LDPE encapsulant were calculated to be 0.87 °C/W, 3.38 °C/W, and
6.65 °C/W, respectively. The added conductive resistance through the
wall decreases the heat transfer rate experienced for the PA and LDPE
as compared to the HDPE, which is the thinnest and highest conductivity tube considered here. As shown, the thermal resistance of the
HDPE tube is an order of magnitude lower than the thermal resistance
due to convection in the air. It therefore contributes negligibly to the
total resistance in Eq. (13). Conversely, the thermal resistance of the
LDPE is comparable to the airside thermal resistance. It therefore plays
an important role in the system and noticeably reduces the total latent
heat transfer rates.
The LDPE tubes reduce the overall latent heat transfer rates due to
their high conductive resistance, but they also show a much larger
deviation between the experiments and predictions, as seen in Fig. 7.

performance during phase change, clear variations exist that cannot be
explained within the constraints of the modeling assumptions. These
variations in performance are attributed to the role of sensible heating
during the initial phases, as well as the three-dimensional nature of the
phase change process. As seen in Fig. 2(d), a strong variation in melting
occurs in the axial direction as the warmer and cooler liqueﬁed PCM
segregates due to density diﬀerences. While no observable increase in
latent heat transfer is seen due to this (as is predicted by the low
Rayleigh numbers), the resulting process is not one-dimensional as assumed by the model. Similarly, during freezing (as shown in Fig. 2(e)),
solidiﬁcation is seen to occur earlier and more pronounced on the
leading edge of the PCM tube. The magnitude of the air side heat
transfer coeﬃcient will vary around the circumference of the tube,
creating higher heat transfer rates on the stagnation side of the tube.
This is not considered in the model, which assumes that the solid-liquid
interface propagates purely radially inward.
4.2. Eﬀect of air temperature
The eﬀect of air temperature on phase change dynamics was studied
using the thin-walled HDPE tube for melting only. It was not possible to
study the eﬀects of air temperature on the freezing process because cold
air could only be produced at ambient temperature using the experimental setup shown in Fig. 1. Figures 6(a) and (b) show the overall
latent heat transfer coeﬃcient at three air temperatures ranging from
46.4 to 62.6 °C as a function of time and liquid volume fraction, respectively. This corresponds to superheat values between 20.9 and
37.1 °C, and as would be expected, larger modiﬁed Stefan numbers of
St∗ = 0.22–0.43. This corresponds to sensible heating making up
18–30% of the total thermal energy absorbed and rejected during these
tests.
In Fig. 6(a), the predictions for all three cases have an identical
initial value for the overall latent heat transfer coeﬃcient, which does
not depend on air temperature. Throughout the melting process, the
higher air temperatures create a larger latent heat ﬂux and therefore
shorter melting time. Figure 6(b) shows the overall latent heat transfer
coeﬃcient as a function of liquid fraction for all three tests compared
against the model predictions. Because the overall latent heat transfer
coeﬃcient is independent of air temperature, all three modeling predictions collapse to a single curve. The larger Stefan numbers (as
compared to the eﬀect of air speed tests in Fig. 4) raise questions about
the ability of the proposed quasi-steady modeling approach to accurately predict latent heat transfer rates and heat transfer coeﬃcients.
Nevertheless, the experimental results are generally well predicted by
the model within the experimental uncertainty, and show a slightly
larger deviation for the higher Stefan numbers considered. Additionally, a nominal overprediction in the later stages of phase change
is seen, which is consistent with previous results.
4.3. Eﬀect of encapsulant
The encapsulant material plays an important role in the ability of
the PCM to charge and discharge thermal energy, as well as the overall
storage capacity. The eﬀect of encapsulant material and geometry on
the phase change dynamics was studied using three diﬀerent polymer
encapsulant tubes, namely HDPE, PA, and LDPE. Each tube has an
identical outer diameter of 3.175 mm, but a diﬀerent wall thickness and
thermal conductivity. To characterize the eﬀects of the encapsulant,
freezing and melting experiments were conducted at a ﬁxed air speed
and air temperature. The air speed of 15.3 m/s produces an average
airside heat transfer coeﬃcient of h = 212 W/m2 K over the surface of
the tubes, which corresponds to a thermal resistance of Rair = 9.5 °C/W.
Figures 7(a) and (c) show the volume of PCM per unit length having
undergone phase change with respect to time for freezing and melting,
respectively. Since each tube has an identical outer diameter, the thinwalled HDPE tube has a PCM volume three times greater than that of

Fig. 6. The eﬀects of air temperature on overall heat transfer coeﬃcient, showing overall
heat transfer coeﬃcient plotted against (a) time and (b) liquid volume fraction during
melting of PCM within thin-walled HDPE tubes for three diﬀerent air temperatures.

267

Experimental Thermal and Fluid Science 92 (2018) 259–269

D. Kapilow et al.

Fig. 7. The eﬀects of encapsulant tube geometry and material, showing (a) solid volume per unit length as a function of time and (b) overall latent heat transfer coeﬃcient as a function of
solid volume fraction during freezing, as well as (c) liquid volume per unit length as a function of time and (d) overall latent heat transfer coeﬃcient as a function of liquid volume fraction
during melting within HDPE, PA, and LDPE tubes at a ﬁxed air speed and air temperature.

quantitatively or qualitatively for Stefan numbers in this range.

The performance of the HDPE and PA encapsulants is consistent with
the results from previous tests (Figs. 4–6) and generally follows the
predictions within the limits discussed previously. The modeling approach, however, notably overpredicts the volume having undergone
phase change at any given time step (Figs. 7(a) and (c)), as well as the
overall latent heat transfer coeﬃcient (Figs. 7(b) and (d)), for the LDPE
tubes. This is particularly true during the initial stages of phase change.
The thicker LDPE walls require larger sensible heating, and therefore
delay the initiation and progression of the phase change process. The
modiﬁed Stefan numbers for the HDPE and PA tubes were calculated to
be in the range of St∗ = 0.19–0.22, similar to those measured for the
previously discussed tests. For the LDPE tubes, the modiﬁed Stefan
number was found to be St∗ = 0.65, roughly three times higher then the
HDPE and PA tubes. This corresponds to sensible heating making up
nearly 40% of the total thermal energy absorbed and rejected, with
∼78% of this sensible heating associated with the LDPE encapsulant
itself and only ∼22% associated with the PCM. The results show that
while these encapsulants are mechanically stronger (thicker walls),
they are not ideal for high performance due to increased resistance.
Additionally, there is strong evidence suggesting that the quasi-steady
modeling approach does not adequately predict performance

5. Conclusions
A custom-built experimental apparatus was used to characterize the
phase change dynamics of encapsulated PCM tubes under convective
boundary conditions, including the eﬀects of air speed and temperature, as well as encapsulant material and geometry. A simple one-dimensional quasi-steady state model was developed for comparison with
the experimental results. Air speeds and temperatures were varied from
4.7 to 15.3 m/s, and 25.3 to 62.6 °C, respectively, during a series of
freezing and melting cycles for HDPE, PA, and LDPE encapsulants of
varying geometries. Latent heat ﬂuxes and overall latent heat transfer
coeﬃcients as high as 1.6 kW/m2 and 200 W/m2 K, respectively, were
measured and shown to decay with time as the encapsulated PCM undergoes phase change.
Good agreement was seen between the experimental results and
model predictions within the experimental uncertainty for modiﬁed
Stefan numbers of St∗ ∼ 0.2 or less. For the larger wall thickness LDPE
tubes and larger superheating conditions considered here, notable deviations from the modeling predictions were observed as expected. This
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is attributed to the importance of transient conduction and sensible
heating of the tube walls, which was not accounted for in the simpliﬁed
analysis conducted here. While a more complex modeling scheme was
beyond the scope of the current work, the results demonstrate the
viability of PCM-ﬁlled polymer tubes for short-term thermal storage
and provides a framework to design and implement high-aspect-ratio
polymer-encapsulated PCM structures into thermal storage and heat
exchanger systems for a variety of applications.

heated vertical cylindrical capsules, J. Therm. Sci. 2 (1993) 190.
[18] B.J. Jones, D. Sun, S. Krishnan, S.V. Garimella, Experimental and numerical study of
melting in a cylinder, Int. J. Heat Mass Transf. 49 (2006) 2724–2738.
[19] H. Shmueli, G. Ziskind, R. Letan, Melting in a vertical cylindrical tube: numerical
investigation and comparison with experiments, Int. J. Heat Mass Transf. 53 (2010)
4082–4091.
[20] H. Rieger, U. Projahn, M. Bareiss, H. Beer, Heat transfer during melting inside a
horizontal tube, J. Heat Transf. 105 (1983) 226–234.
[21] S. Kalaiselvam, M. Veerappan, A.A. Aaron, S. Iniyan, Experimental and analytical
investigation of solidiﬁcation and melting characteristics of PCMs inside cylindrical
encapsulation, Int. J. Therm. Sci. 47 (2008) 858–874.
[22] C.W. Chan, F.L. Tan, Solidiﬁcation inside a sphere - an experimental study, Int.
Commun. Heat Mass Transf. 33 (2006) 335–341.
[23] K. Cho, S.H. Choi, Thermal characteristics of paraﬃn in a spherical capsule during
freezing and melting processes, Int. J. Heat Mass Transf. 43 (2000) 3183–3196.
[24] E.M. Sparrow, J.A. Broadbent, Freezing in a vertical tube, ASME J. Heat Transf. 105
(1983) 217–225.
[25] E.M. Sparrow, J.A. Broadbent, Inward melting in a vertical tube which allows free
expansion of the phase-change medium, ASME J. Heat Transf. 104 (1982) 309–315.
[26] A.S. Menon, M.E. Weber, A.S. Mujumdar, The dynamics of energy storage for
paraﬃn wax in cylindrical containers, Can. J. Chem. Eng. 61 (1983) 647–653.
[27] Y.P. Han, C.S. Hong, C. Lee, Melting of paraﬃn in vertically held tubes of diﬀerent
diameters, Tecnol. Cienc. Educ. (IMIQ) 4 (1989) 3–8.
[28] L. Fan, J.M. Khodadadi, A theoretical and experimental investigation of unidirectional freezing of nanoparticle-enhanced phase change materials, ASME J. Heat
Transf. 134 (2012) 9.
[29] A. Elgafy, K. Lafdi, Eﬀect of carbon nanoﬁber additives on thermal behavior of
phase change materials, Carbon 43 (2005) 3067–3074.
[30] R.J. Warzoha, R.M. Weigand, A.S. Fleischer, Temperature-dependent thermal
properties of a paraﬃn phase change material embedded with herringbone style
graphite nanoﬁbers, Appl. Energy 137 (2015) 716–725.
[31] X. Fang, L. Fan, Q. Ding, X. Wang, X.L. Yao, J.F. Hou, Z.T. Yu, G.H. Cheng, Y.C. Hu,
K.F. Cen, Increased thermal conductivity of eicosane-based composite phase change
materials in the presence of graphene nanoplatelets, Energy Fuels 27 (2013)
4041–4047.
[32] M.M. Rahman, H. Hu, H. Shabgard, P. Boettcher, Y. Sun, M. McCarthy,
Experimental characterization of inward freezing and melting of additive-enhanced
phase-change materials within millimeter-scale cylindrical enclosures, J. Heat
Transf.-Trans. ASME 138 (2016) 13.
[33] M. Temirel, H. Hu, H. Shabgard, P. Boettcher, M. McCarthy, Y. Sun, Solidiﬁcation of
additive-enhanced phase change materials in spherical enclosures with convective
cooling, Appl. Therm. Eng. 111 (2017) 134–142.
[34] V. Dubovsky, G. Ziskind, R. Letan, Analytical model of a PCM-air heat exchanger,
Appl. Therm. Eng. 31 (2011) 3453–3462.
[35] R. Letan, G. Ziskind, Thermal design and operation of a portable PCM cooler, Heat
Transfer Calculations, in: M. Kutz (Ed.), McGraw-Hill, New York, 2006.
[36] M. Ezra, Y. Kozak, V. Dubovsky, G. Ziskind, Analysis and optimization of melting
temperature span for a multiple-PCM latent heat thermal energy storage unit, Appl.
Therm. Eng. 93 (2016) 315–329.
[37] W. Zhao, A.F. Elmozughi, A. Oztekin, S. Neti, Heat transfer analysis of encapsulated
phase change material for thermal energy storage, Int. J. Heat Mass Transf. 63
(2013) 323–335.
[38] M.R. Anisur, M.A. Kibria, M.H. Mahfuz, R. Saidur, I.H.S.C. Metselaar, Analysis of a
thermal energy storage system for air cooling-heating application through cylindrical tube, Energy Conv. Manage. 76 (2013) 732–737.
[39] M.R. Anisur, M.A. Kibria, M.H. Mahfuz, R. Saidur, I.H.S.C. Metselaar, Cooling of air
using heptadecane phase change material in shell and tube arrangement: analytical
and experimental study, Energy Build. 85 (2014) 98–106.
[40] Y. Wang, L. Wang, N. Xie, X.P. Lin, H.S. Chen, Experimental study on the melting
and solidiﬁcation behavior of erythritol in a vertical shell-and-tube latent heat
thermal storage unit, Int. J. Heat Mass Transf. 99 (2016) 770–781.
[41] Y. Sun, M. McCarthy, Y.I. Cho, P. Boettcher, H. Hu, B. Shi, Q. Xie, Systems and
methods of using phase change material in power plants, U.S. Patent No. 9476648
(2016).
[42] N. Shariﬁ, T.L. Bergman, M.J. Allen, A. Faghri, Melting and solidiﬁcation enhancement using a combined heat pipe, foil approach, Int. J. Heat Mass Transf. 78
(2014) 930–941.
[43] R. Hilpert, Wärmeabgabe von geheizten drähten und rohren im luftstrom,
Forschung auf dem Gebiet des Ingenieurwesens A 4 (1933) 215–224.

Acknowledgements
This work was funded by the Advanced Research Projects Agency Energy (ARPA- E), U.S. Department of Energy, under Contract Number
DE-AR0000572.
Appendix A. Supplementary material
Supplementary data associated with this article can be found, in the
online version, at http://dx.doi.org/10.1016/j.expthermﬂusci.2017.11.
012.
References
[1] B. Zalba, J.M. Marin, L.F. Cabeza, H. Mehling, Review on thermal energy storage
with phase change: materials, heat transfer analysis and applications, Appl. Therm.
Eng. 23 (2003) 251–283.
[2] A. Sharma, V.V. Tyagi, C.R. Chen, D. Buddhi, Review on thermal energy storage
with phase change materials and applications, Renew. Sustain. Energy Rev. 13
(2009) 318–345.
[3] A. Castell, C. Sole, An overview on design methodologies for liquid-solid PCM
storage systems, Renew. Sustain. Energy Rev. 52 (2015) 289–307.
[4] M.M. Farid, A.M. Khudhair, S.A.K. Razack, S. Al-Hallaj, A review on phase change
energy storage: materials and applications, Energy Convers. Manage. 45 (2004)
1597–1615.
[5] A.F. Regin, S. Solanki, J. Saini, Heat transfer characteristics of thermal energy
storage system using PCM capsules: a review, Renew. Sustain. Energy Rev. 12
(2008) 2438–2458.
[6] M. Hawlader, M. Uddin, M.M. Khin, Microencapsulated PCM thermal-energy storage system, Appl. Energy 74 (2003) 195–202.
[7] M. Pomianowski, P. Heiselberg, Y. Zhang, Review of thermal energy storage technologies based on PCM application in buildings, Energy Build. 67 (2013) 56–69.
[8] E.M. Alawadhi, C.H. Amon, PCM thermal control unit for portable electronic devices: experimental and numerical studies, IEEE Trans. Compo. Pack. Technol. 26
(2003) 116–125.
[9] H. Ettouney, H. El-Dessouky, A. Al-Ali, Heat transfer during phase change of paraﬃn wax stored on spherical shells, J. Sol. Energy-T Asme 127 (2005) 357–365.
[10] P.D. Silva, L.C. Goncalves, L. Pires, Transient behaviour of a latent-heat thermalenergy store: numerical and experimental studies, Appl. Energy 73 (2002) 83–98.
[11] M. Lacroix, Contact melting of a phase change material inside a heated parallelepedic capsule, Energy Conv. Manage. 42 (2001) 35–47.
[12] E. Halawa, F. Bruno, W. Saman, Numerical analysis of a PCM thermal storage
system with varying wall temperature, Energy Conv. Manage. 46 (2005)
2592–2604.
[13] N.S. Dhaidan, J.M. Khodadadi, Melting and convection of phase change materials in
diﬀerent shape containers: a review, Renew. Sustain. Energy Rev. 43 (2015)
449–477.
[14] J.M. Khodadadi, Y. Zhang, Eﬀects of buoyancy-driven convection on melting within
spherical containers, Int. J. Heat Mass Transf. 44 (2001) 1605–1618.
[15] B. Zivkovic, I. Fujii, An analysis of isothermal phase change of phase change material within rectangular and cylindrical containers, Sol. Energy 70 (2001) 51–61.
[16] Z.X. Gong, A.S. Mujumdar, Cyclic heat transfer in a novel storage unit of multiple
phase change materials, Appl. Therm. Eng. 16 (1996) 807–815.
[17] W. Chen, S. Cheng, Z. Luo, W. Gu, Study of contact melting inside isothermally

269

