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ABSTRACT
Present study is focused on the computational
analysis of melting of PCM inside the spherical capsule. Both
unconstrained and constrained melting is analyzed for the
constant PCM volume and similar initial and boundary
conditions. RT27 is chosen as the PCM for this study. Air is
considered at the top of PCM inside the spherical capsule.
Results are validated with the existing experimental and
computational results and found to be in good agreement.
Results obtained from present study are compared for the
melting fraction, pattern and time. Composite diagrams are
presented for the streamline and temperature contours.
Keywords: Phase change materials,
Constrained, Spherical capsule, CFD.
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Coordinate, m
Inner radius of spherical capsule, m
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Source term
Time, s
Thickness of shell, m
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Outer radius of spherical capsule, m

Temperature of PCM, K
Initial temperature of PCM, K
Radial velocity component, m/s
Polar velocity component, m/s
Coordinate, m
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Constant pressure specific heat, J/kg-K
Porosity constant, kg/m3-s
Inner diameter of spherical capsule, m
Gravitational acceleration, m2/s
Total enthalpy, J/kg
Thermal conductivity, W/m-K
Latent heat of fusion, J/kg
Pressure, Pa




Thermal diffusivity, m2/s
Thermal expansion coefficient, 1/K



Liquid volume fraction
Small computational constant
Coordinate, rad
Dynamic viscosity, Pa-s
Kinematic viscosity, m2/s
Density, kg/m3
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Volume fraction of liquid PCM in a
computational cell

experimental and numerical investigation on the constrained
melting of PCM. N-octadecane is chosen as the PCM.
Unstable flow structure and waviness at the bottom of the
PCM is reported in their study. Li et al. [13] performed
experimental and numerical investigation to analyze the
constrained melting of PCM inside the spherical capsule. Inner
radius and thickness of the capsule have been kept as 40 mm
and 2 mm, respectively. Paraffin wax has been used as the
PCM. The effects of various parameters such as thermal
expansion coefficient of PCM, radius, material and outer wall
temperature of the PCM capsule have been examined in detail.
Experimental and numerical investigation on constrained
melting of PCM is also performed by Fan et al. [14]. Internal
circumferential fins are inserted horizontally inside the
spherical capsule and parametric investigations are performed
by varying the fin heights.
It is evident from the literature that various studies are
reported on the unconstrained and constrained melting of
PCM. Reported studies are available to investigate the thermal
and geometrical parameters and melting pattern of PCM inside
the spherical capsule. However, the focus of the present study
is to compare unconstrained and constrained melting of PCM
inside the spherical capsule as this is not significantly explored
in the literature. Therefore in this study, unconstrained and
constrained melting with air region at the top is considered.
Constant volume of PCM and similar boundary condition are
taken for the present investigation. Melting time and melt
fraction is compared for both the cases. Composite diagrams
are presented for temperature contours, melting pattern and
streamline contours.

Subscripts

i, j

Components

l

Liquid
Above melting point
Melting
Phase change material
Reference point
Before melting point
Wall

liquidus

m
PCM
ref
solidus
w

1. INTRODUCTION
Phase change heat storage systems have been widely used
in various applications such as waste heat recovery, solar
energy, air heating, medical and central air conditioning
applications. The use of phase change materials (PCMs) in
these applications is an effectual way to enhance the
utilization and conservation of energy. In general, PCMs are
encapsulated in containers for better use. Different shapes of
containers were used to encapsulate the PCMs such as
rectangular, cylindrical, spherical and elliptical. Spherical
containers are most widely suitable for encapsulating the PCM
due to its effortless packing in the heat storage system and
high heat transfer surface area to volume ratio.
Wide varieties of studies are performed to investigate the
melting and solidification of PCM [1-17]. Studies on melting
of PCM inside the spherical containers are divided into two
categories such as unconstrained [1-10] and constrained
melting [11-15]. PCM filled spherical capsule is externally
heated in both the cases. In case of unconstrained melting the
unmelted solid PCM is free to move and sinks down at the
bottom of capsule. This happens due to density difference
between the solid and liquid PCM. The melting at the bottom
of the capsule occurs as the close contact melting. Conduction
is dominant mode of heat transfer at the bottom of the capsule
in unconstrained melting. However, a tube or thermocouple
rod is inserted in the middle of the capsule in case of
constrained melting. The tube/rod holds the solid PCM and
doesn’t allow it to sink at the bottom. Therefore, no close
contact melting occurs in constrained melting and natural
convection is dominant mode of heat transfer at the bottom.
Assis et al. [1] carried out experimental and numerical
investigation on the unconstrained melting of PCM inside the
spherical capsule. RT27 has been used as the PCM. Air region
is provided at the top of PCM region to accommodate the
volume expansion of the PCM. Effects of various geometrical
and thermal parameters are investigated. Archibold et al. [5, 6]
performed numerical investigation for unconstrained melting
of high temperature PCM inside the spherical capsule. High
temperature phase change material (NaNo3) has been chosen
as the PCM. Correlations have been performed for melt
fraction in terms of dimensionless numbers such as Fourier,
Stefan and Grashof numbers. Tan et al. [11] carried out

FIGURE 1: SCHEMATIC DIAGRAM OF THE
COMPUTATIONAL DOMAIN

TABLE 1: THERMOPHYSICAL PROPERTIES OF PCM
Properties (unit)

RT27

Density (kg/m3)

870 (Solid), 760 (Liquid at
30oC)

Dynamic viscosity (kg/m-s)

3.42×10-3

Latent heat of fusion (kJ/kg)

179

Melting temperature (oC)

28 (Solidus), 30 (Liquidus)

Specific heat (kJ/kg-K)

2.4 (Solid), 1.8 (Liquid)
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Thermal expansion
coefficient (1/K)

0.5×10

Thermal conductivity
(W/m-K)

 2
(  r ) 1 
1 
 2    r 2 r  
   sin r   
t
r r
r sin 
r

-3

0.24 Solid), 0.15 (Liquid)


2. PHYSICAL AND MATHEMATICAL MODEL
In this study a spherical glass container is used to
encapsulate the PCM. The geometry considered in the present
study is similar as taken by Assis et al. [1] in their
experimental and numerical investigation. The schematic
diagram of computational domain is shown in Fig. 1(a) for
case I and II and Fig. 1(b) for case III, considering the
symmetry of the geometry. 15% of volume of sphere is filled
with air in cases I and III. RT27 is chosen as the PCM in this
study and its thermophysical properties are shown in Table 1.
Here, two dimensional transient numerical simulations are
performed using Ansys Fluent 19.2 software. Various
assumptions are made during this study such as isotropic and
homogeneous phases of PCM, incompressible, unsteady and
laminar flow, neglecting viscous dissipation. Two different
cases are considered in present study as shown in Table 2.
Constant volume of PCM is taken for both the cases.
Axisymmetric modelling has been considered for the present
investigation.
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TABLE 2: VARIOUS CASES CONSIDERED IN THIS STUDY
Cases Type of melting
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Density variations

Air region at Constant density in
the top of PCM
solid phase and
Unconstrained
inside the
linearly varying
spherical
density in
capsule
mushy/liquid region
Air region at
the top of PCM
Boussinesq
Constrained
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approximation
spherical
capsule.
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Here, solid liquid interface is tracked with the help of
enthalpy-porosity technique introduced by Voller and Prakash
[18] and Brent et al. [19]. This method introduces a source
term in the momentum equation and is given by:
(13)
S i  A( )v ,
where v is vr or v for radial and polar momentum equation
in axisymmetric melting. While, v is taken as vi for

( h ) 1 
1 
 2  r 2 r h  
   sin h 
t
r r
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symmetric melting.
Here, the porosity function A( ) is given by Brent et al. [19]
and expressed as:

(6)
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Initial and Boundary conditions:

(8b)
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(8d)

(14)

Here,  is a small computational constant and its value is taken
as  = 0.001. C is a mushy zone constant and the value of C is
taken as 105 [1].

(7)
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3. COMPUTATIONAL PROCEDURE
PISO method is used in Ansys Fluent 19.2 software to
solve the governing equations [20]. The under relaxation
factors used for pressure, density and body force is considered
as 0.5, while it is taken as 0.2 for momentum and liquid
faction and 0.8 for energy. The convergence criteria for
continuity, momentum and energy equation is chosen as 10-5,
10-5 and 10-8, respectively. After grid and time independent
studies, 7554 grid cells and 0.005 s have been chosen to
simulate both the cases in the present study.

(8a)

(8c)
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Here, L is the latent heat and  is the volume fraction of
liquid PCM of a computational cell in which the phase
transition is taking place (0 <  < 1).  is defined as:
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1.0

the bottom of the capsule in case of unconstrained melting
occurs due to conduction dominated heat transfer. While, it is
always convection dominated from the side and top of the
capsule. In case of constrained melting as the rod/tube at the
center of the capsule holds the solid PCM and therefore, the
liquid PCM present at the top of the capsule is not able to push
the solid PCM. Therefore, the liquid layer at the bottom
continues to grow and melting is convection dominated from
all the sides in case of constrained melting.
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FIGURE 2: COMPARISON OF MELT FRACTION OBTAINED
FROM PRESENT COMPUTATIONAL STUDY FOR (A)
UNCONSTRAINED, (B) CONSTRAINED MELTING WITH
EXISTING EXPERIMENTAL/COMPUTATIONAL STUDIES

4. VALIDATION
Here, present model is validate with the existing
experimental and numerical investigation for both
unconstrained and constrained melting and are shown in Fig.
2(A) and 2(B), respectively. Unconstrained melting is
validated with the experimental and numerical results obtained
by Assis et al. [1], while the constrained melting is validated
against the results of Tan et al. [11]. It may be noted that the
present model agrees well with the existing results.

10 min

15 min

5. RESULTS AND DISCUSSION
In this study, numerical simulations are performed for
RT27 filled spherical glass capsule. The inner radii and
thickness of the capsule is 40 mm and 2 mm, respectively.
Unconstrained and constrained melting with air region at the
top are investigated in this study. CFD simulations are
performed for constant volume of PCM in each case. Initial
temperature of the entire system is maintained at 23 oC and the
temperature at the walls of the capsule is maintained 10 oC
higher than the mean melting temperature of the PCM.
Fig. 3 shows the melting pattern of the PCM inside the
spherical capsule for different time instants such as 5, 10, 15,
20 and 25 mins. It may be noted from the figure that in both
the cases the thin layer of liquid PCM is formed at the bottom
during the early stages of melting. This can be clearly seen
from melting pattern shown after 5 min. This happens due to
low value of subcooling of PCM. Here, the melting of PCM
occurs due to transfer of heat from bottom of the capsule to
PCM through conduction. With the progress of melting
process, the thin liquid layer continues to grow in both the
cases. Subsequently, hot liquid PCM from the bottom starts
moving upwards due to strong natural convection, which
forces the cold liquid PCM downwards. This increases the
melting rate at the top of the capsule as can be seen form the
figure. In case of unconstrained melting the natural convection
forces the solid PCM downwards and squeezes the liquid layer
formed at the bottom of the capsule. Therefore, the melting at

20 min

25 min

FIGURE 3: MELTING PATTERN OF PCM FOR DIFFERENT
CASES

Fig. 4 shows the melting fraction of PCM at different time
duration. It can be seen that the melting of PCM is faster in
case of unconstrained melting compared to constrained
melting. This is because the solid PCM does not fully
contribute in the melting process in case of constrained
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melting and remain adhered to the rod/tube. However, the
solid PCM sink at the bottom of the capsule and continue to
take part in melting process. It has been reported that the
melting time of PCM for the same PCM volume, initial and
boundary conditions is 32 min and 220 min, respectively in
case of unconstrained and constrained melting.

15 min

Linear density variation and Boussinesq approximations
are assumed for unconstrained and constrained melting,
respectively. Effect of these density variations can be seen
from Fig. 5, which shows the composite diagram containing
temperature and velocity contours. It can be seen that in case
of unconstrained melting because of the linear density
variation, PCM expands and the air region gets compressed.
This is more closer to the real unconstrained melting of PCM.
However, in case of constrained melting, because of
Boussinesq approximation, the expansion of PCM is
negligible and the volume of air region remains constant.
Also, it can be seen from Fig. 5 that temperature contours are
more concentric in case of constrained melting compared to
unconstrained melting. However, the rate of increase of
temperature is greater in unconstrained melting, which is
advantageous in the applications where quick melting is
required.

20 min

25 min

1.0

0.8

FIGURE 5: COMPOSITE DIAGRAMS FOR DIFFERENT

Melt Fraction

CASES
0.6

6. CONCLUSION
Here, unconstrained and constrained melting of PCM is
numerically investigated for same volume of PCM and initial
and boundary conditions. CFD Fluent 19.2 is used for the
investigation. Melt fraction, melting pattern and time are
reported. Also, temperature and velocity contours are shown
using composite diagrams in this study. It has been reported
that the melting is conduction dominated in unconstrained
melting, while it is convection dominated in constrained
melting at the bottom of the capsule. Melting rate is slower in
constrained melting compared to unconstrained melting with
complete melting time of 32 min and 220 mins, respectively.
Also, unconstrained melting can be more closely simulated
numerically to real melting problem with linear density
variation compared to constrained melting with Boussinesq
approximation.
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FIGURE 4: MELT FRACTION OF PCM OBTAINED
FROM PRESENT COMPUTATIONAL STUDY FOR
DIFFERENT CASES
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