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ABSTRACT

This paper presents a numerical and experimental study of
unconstrained melting of phase change materials (PCM) inside
a spherical container using n-Octadecanc. Experimental and
numerical studies are performed for three different wall
temperatures of 35 °C, 40 °C and 45 °C with an initial sub-
cooling of 1 °C. Transient numerical simulations are performed
for axi-symmetric melting inside a sphere using the Fluent 6.3
software. The results from experiments data and numerical
simulations show that heat conduction through the container’s
wall initiates melting of the solid PCM. Thereafter, the solid
PCM sinks, in turn pushing liquid PCM to the top of sphere. At
the top and side of the sphere, natural convection is established
due to the replacing of warm liquid PCM with sinking cooler
liquid. The results show that the rate of melting at the bottom is
higher than the top due to the sinking of solid PCM to the
bottom and promoting heat conduction from inner wall of
sphere. Experimental results show that the variation of liquid
fraction has a nonlinear dependence on time and complete
melting of PCM occurs after 80, 90 and 160 minutes for wall
temperatures of 35 °C, 40°C and 45 °C, respectively.
Numerical simulation results gave earlier complete melting
times compared to the experimental results.

INTRODUCTION

Several studies are carried out on phase change materials over
the last three decades. Phase change materials are very
interesting due to their absorbing of large amount of energy as
latent heat at a constant phase transition temperature. These
materials can be used for passive heat storage. Major
disadvantage of the PCM is related to their low thermal
conductivity which impedes high rate of charge and discharge
of heat flux. These types of materials have many useful
properties including heat source at constant temperature, heat

recovery with small temperature drop, high storage density,
melting point which matches the application, low vapor
pressure (1 bar) at the operational temperature, and chemical
stability and non-corrosivencss. These propertics allow the
PCM to be used in many industrial applications such as thermal
storage of solar energy [1-6], thermal management of electronic
devices [7-9], thermal storage in buildings [10,11], cooling of
engines [12,13].

Following the literature, according to Telkes and Raymond
[14], the first study of phase change materials was carried out
in the 1940s. There are few work reported until the 1970s. After
that, the first study on PCM was presented by Barkmann and
Wessling [15] for use in buildings, and later by other
researchers [16-18]. Sokolov and Keizman [19] presented
applications of PCM in a solar collector for first time at 1991,
and later by others, e.g. Rabin et al. [20], Enibe [21, 22], and
Tey et al. [23]. Also, there are a few review papers on energy
thermal storage and phase change material [24, 25]. Following
them, a beneficial review of thermal energy storage based on
PCM was presented by Zalba ct al. [26]. They classified types
of PCM based on material properties, heat transfer and its
applications.

In recent years, researchers have shown great interest in using
PCM because of greenhouse gas emission and increasing cost
of fossil fuels. Majority of their experimental and numerical
study are related to saving of energy in building structures and
solar collectors. Wang et al. [27] investigated numerically the
effect of orientation for PCM based on hybrid heat sinks for
electronic devices (plate fin heat sink that immerse in PCM).
They found that orientation limited the effect of thermal
performance of hybrid cooling system. Stritih [28] investigated
an experimental study of heat transfer in a rectangular PCM
thermal storage with fins. He selected paraffin as PCM
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material. He showed that fin effectiveness during solidification
increased up to 3.06 times and then decreased.

Khodadadi and Zhang [29] studied the effect of buoyancy-
driven convection on constrained melting of PCM in a spherical
container numerically. They used the single—domain enthalpy
formulation and the Darcy‘s law for simulation of phase change
phenomenon and porous media treatment. Their results showed
the rate of melting in top region of sphere is faster than in
bottom region due to increasing of conduction term of heat
transfer. They also investigated the effect of the Prandtl number
on the flow and melting patterns.

Assis et al. [30] investigated both numerically and
experimentally on melting in a spherical shell. They performed
their numerical study using the commercial code Fluent 6.0.
Computational results had good agreement with experimental
results for different wall temperatures and different shell
diameters. They presented a correlation for the melting fraction
based on the Grashof, Stefan and Fourier numbers. They
performed another combined experimental and numerical study
on the solidification of PCM inside a spherical shell with
various diameters [31].

Tan and Leong [32] carried out an experimental study of
solidification of pure n-Octadecane within two rectangular cells
with different aspect ratios and three different constant heat
fluxes. Their results showed that a faster rate of solidification
occurred at higher heat rates and smaller aspect ratios. They
carried out another experimental investigation of conjugate
solidification inside a thick mold [33]. They used n-Octadecane
as PCM that was superheated initially. Their experiments were
carried out for subcooled and non-subcooled walls. They found
that the solidification fraction is directly proportional to cubic
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non-subcooled wall conditions, respectively.

Khodadadi and Hosseinizadeh [34] performed a numerical
study on improvement of thermal storage energy using
nanoparticle-enhanced phase change material (NEPCM). They
uscd water and copper nonoparticle as nanofluid that enhance
the thermal conductivity of base material. They obtained higher
heat release rate using NEPCM instead of PCM.

Tan et al. [35] presented an experimental and computational
study of constrained melting of PCM inside a spherical capsule.
Their investigations showed that numerical results have some
delay compared to experimental finding. They found that this
delay could be related to the thermal stratification within the
constant temperature bath that enclosed the capsule.

Tan 361 invectioated an exnerimental studv of constrained and
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unconstrained melting in a sphcrical container using n-
Octadecane as PCM that was initially subcooled to 1 °C. He
indicated that the solid PCM sinks to the bottom of sphere due
to gravity whereas the PCM is restrained from sinking under
the constrained condition.

A combined numcrical and cxperimental study of
unconstrained melting in a spherical container following the
work of [36] is presented in this paper. Results show a
noticeable agreement between the numerical and experimental
results. Details of the experimental set-up and computational
procedures are discussed in following sections.

2000

NOMENCLATURE
C [kg/m's]  Mushy zone constant
Cp [J/kg K] Specific heat
g [ 757! ] Gravitational acceleration
h [Jkg] Sensible enthalpy
H [J/kg] Enthalpy
k [W/mK]  Thermal conductivity
L. [J/kg] Latent heat of fusion
T [K] Temperature
u [m/s] velocity
2l [kg/ms] Dynamic viscosity of the fluid
o [kg/m*] Density
Vv [m/s?] Kinematic viscosity
y7) - Liquid fraction

EXPERIMENTAL SET-UP

Paraffin wax n-Octadecane is used as the phase change material
in this study. Its properties are reported in Table 1.

Table 1 Propertics of n-Octadecane wax paraffin

27.5°C /28.5°C
870/ 772 kg/m’

Solidus/liquidus temperature
Density(solid/liquid)

Kinematics Viscosity 5x10° m%s
Specific Heat(solid/liquid) 1990 /2330 J/kg K
Thermal Conductivity 0.1505 W/mK
Latent Heat of Fusion 241.3 kl/kg
Thermal Expansion Coefficient 0.00091 K

Experimental study was conducted for unconstrained melting
of the PCM. Complete details of experimental sct-up are
described by Tan [36]. The main components of the
experimental set-up consisted of a water tank, a spherical
container, several type-K thermocouples, refrigerated bath and
the HP data acquisition unit as shown in Figure 1. The material
of spherical container is Plexiglas. As shown in Figure 2, 11
thermocouples are positioned in the spherical container and the
enclosing water tank for measuring the temperature variations
during the process. Thermocouples are connected to the HP
data acquisition unit to record the temperature variations versus
time. At the start of the experiment, the spherical container is
set in a water bucket to attain the initial subcooling temperature
of 1 °C. ||‘16l“1 it is transferred to the warm water tank. The
temperature of water is controlled with a refrigerated bath. The
level of water is kept constant by controlling the inlet and outlet
valves. This process takes a few minutes to reach a stable
temperature around the sphere. It should be mentioned that this
time lag must be accounted for when the numerical and
experimental results are compared. The numerical results are
presented for three outer constant temperatures of 35, 40 and
45°C at a position far enough from the sphere in the water bath.
This distance has been selected from the work of Tan [36] by
replacing two other thermocouples.
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Figure 1 Schematic diagram of experimental set-up

GOVERNING EQUATIONS

In the numerical study, the flow is considered unsteady,
laminar, incompressible and two-dimensional. Viscous
dissipation term is considered negligible, so that the viscous
incompressible flow and the temperature distribution inside the
sphere are described by the Navier—Stokes and thermal energy
equations, respectively.

Conscquently, the continuity, momentum, and thermal
energy equations can be expressed as follows:
Continuity:
af(p)+ai(pui):0 (1
Momentum:

ar(pu,)+aj(puiuj): u—0.P+pg+S (2

bk

Thermal Energy:
9,(ph)+9,(pAH )+, (puh)=0,(ko,T) 3)
In these relations, w; is the fluid velocity, @is the PCM’s

density, M is the dynamics viscosity, P is the pressure, g is the

gravitational acceleration, & is the thermal conductivity and 4 is
sensible enthalpy that is defined as following [37]:

h=h,+[ CdT )
The enthalpy, H, is therefore:
H=h+AH )

where AH being the latent heat content may vary between
zero (solid) and L (liquid), the latent heat of the PCM.

Therefore liquid fraction, ﬂ , can be defined as following:

AH
T =0 ‘lf ks T:'alidux
AH . ;
B= 5 1 i i (6)

AH  T-T
= M LT <D
L T ‘

liquidus solidus
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In equation 2, §; is the Darcy’s law damping terms (as
source term) that are added to the momentum equation due to
phase change effect on convection. It is defined as:

Cc(l-p8)
5 -CU-p7, o
B
_That coefficient C is a mushy zone constant that is fixed to
10° kg/m”s for the present study [37].

i—s AXis of
Symmetry

Figure 2 Schematic diagram of clomputational domain
NUMERICAL PROCEDURE

Numerical study of the present problem is carried out by using

the commercial code Fluent 6.3.26. The computational domain
of the axi-symmetric model is shown in Figure 2. The sphere’s
inner radius and wall thickness are 101.66 and 1.5 mm,
respectively. The thermal conductivity of Plexiglas is equal to
0.81 (W/m K). In the present simulation, the spherical container
was surrounded by another spherical container containing hot
water for matching the conditions of the experimental set-up.
The temperature of water is assumed to vary linearly from a
subcooled temperature to the temperature of container wall (i.e.
27°C to 35°C, 40°C or 45°C). In order to solve the momentum
and energy equations, the first order differencing scheme and
the SIMPLE method for pressure-velocity coupling are used.
Also the PRESTO scheme is adopted for the pressure
correction equation. The under-relaxation factors for the
velocity components, pressure correction, thermal energy and
liquid fraction are 0.3, 0.1, 1 and 0.9, respectively. Different
erid densitics are sclected and tested to ensure independency of
solution from the adopted grid density based on comparison of
melting fraction and streamline contours. An arrangement of
9,310 grids was found sufficient for present study. Adoption of
fine grid distribution in the radial direction allows the use of
longer time steps. The time duration to achieve full melting is a
good indicator of time step dependence. The PCM melted after
47.4, 58.2 and 60.7 minutes with time step increments of 0.05,
0.02 and 0.01 seconds for wall a temperature of 40°C,
respectively. Therefore, the time step is set to 0.02 seconds.
The number of iterations for every time step was fixed at 50
that was found sufficient to satisfy convergence criteria (107).
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RESULTS AND DISCUSSION

The contours of the PCM at various time instants for the
unconstrained melting process are presented in Figure 3. In this
figure, results of numerical study (right column) are compared
with the experimental observations (left column) for the wall
temperature of 40°C. The solid and liquid PCM are opaque
white and transparent, respectively for the experimental results,
whereas colorized contours of temperature are utilized for
presenting the numerical results.

10 minutes

20 minutes

' 40 minutes
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Figure 3 Experimental and computational unconstrained
melting at 40°C with an initial subcooling of 1°C

It can be seen that for both approaches, solid PCM sinks to the
bottom of sphere due to gravity force since it is heavier in
relation to the liquid PCM. Thus, the solid PCM is in contact
with the bottom hot surface of sphere at every time. But, this is
not a fully contact, while a very thin fluid layer is seen between
the inner wall and the solid PCM in every time during the
melting. At the start, the outer surface of solid PCM was in
contact with the inner wall of sphere so that heat conduction
dominates between solid and wall. This causes the formation of
a thin layer of liquid between the solid PCM and sphere. As
time progresses, the molten zone expanded and the liquid layer
grows. The liquid film formed at the bottom of the solid PCM
is squeezed down by the sinking heavier solid. The squeezed
liquid film is then pushed upward along the inner surface of the
sphere, occupying the region above the solid PCM. As the
warm liquid rises to the top portion of the sphere, the cooler
liquid is replaced and forced to sink toward the solid PCM.
Thus, natural convection in combination with a hot rising
curved wall jet dominates in the top and side regions of the
sphere, while pure heat conduction occurs at the bottom region
of sphere between inner wall and the solid PCM. The melting
rate at the bottom region of the sphere decrcases with time duc
to the solid PCM becoming smaller and the area of its contact
with the bottom surface of sphere shrinking, It should also be
mentioned that computed flow field exhibit an unstable and
complicated structure near the bottom region of sphere that
bring about formation of waviness on the solid-liquid interface.

The computed and experimental variations of the liquid fraction
against time for three wall temperature are shown in Figure 4.
The general trends of both approaches are similar, But it can be
observed that numerical results have earlier complete melting
time compared to the experimental results. .
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Figure 4 Variations of the liquid fraction versus time for wall
temperatures of 35°C, 40°C and 45°C

As can be seen, there is a gap between numerical and
experimental results. For this reason, if the numerical results
arc shifted 15 minutes forward, numerical and cxperimental
findings would agree reasonably well. Experimental results
depict that the variation of liquid fraction has nonlincar change
with respect to time whereas full melting of PCM occurs at 80,
90 and 160 minutes for wall temperaturc of 35 °C, 40°C and 45
°C, respectively.

Measured transient temperature readings are compared to
the computational predictions for a wall temperature of 40°C in
Figure 5. Among the three thermocouples closest to the inner
wall of the sphere (K01, KO8 and K09), the one that sits on the
horizontal plane that contains the center of the sphere (K09)
exhibits thc fastest risc and the greatest deviation from the
initial subcooling temperature. The computed temperature
coinciding with the location of the thermocouple at the top of
the PCM (KO1) register marked unsteadiness early on as the
liquid is formed. Similar but less noticeable trends are observed
at the center of the sphere. As it is expected, numerical results

Solidification

for each point (of thermocouple position) attain the final
temperature (that is equal to wall temperature) earlier than
experimental result.
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Figure 5 Comparison of the computed and measured
temperatures at different position for wall temperature of 40°C

CONCLUSIONS
The Following conclusions are drawn based on the present
experimental and computational study:

1- Heat conduction dominates at the beginning of melting
for all zones of the sphere. After a short time period,
the solid PCM sinks and the liquid rises up to top half
of sphere. Thus, natural convection is promoted at top
half of sphere where melting rate is slower than
bottom half.

2- The greatest discrepancy between the numerical and
experimental elapsed time for melting is related to
starting time of experimental sct-up. If this time is
eliminated, the results of numerical and experimental
are in a better agreement.
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