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Abstract

The melting of a phase change material (PCM) in a cavity with a gradient of hot wall inclination was simulated
numerically using five models, namely, Model-A, Model-B, Model-C, Model-D, and Model-E with gradients of -2, —4, o,
4, and 2, respectively. The PCM was paraffin wax, which was melted using an enthalpy porosity technique with a
pressure-based method. Model-A was found to be the best model. For the completion of the melting process, the models
were assigned with the liquid fraction of 1. Model-A required the shortest time, followed by Model-B, Model-C, Model-E,
and Model-D, respectively. Compared with Model-C, Model-A was 9.4% faster, Model-B was 3.8% faster, Model-D was
2.3% slower, and Model-E was 3.2% slower.

Abstrak

Studi Numerik Peleburan Parafin dalam Sebuah Rongga dengan Gradien Kemiringan Dinding Panas. Peleburan
material berubah fasa dalam sebuah rongga dengan gradien kemiringan dinding panas telah disimulasikan secara
numerik menggunakan lima model, yaitu Model-A, Model-B, Model-C, Model-D, dan Model-E dengan gradien
kemiringan sebesar 2, 4, o, 4, dan 2. Material berubah fasa yang digunakan adalah parafin, proses peleburan
menggunakan teknik enthalpy porosity dengan metode pressure-based. Model-A ditemukan sebagai model terbaik.
Untuk penyelesaian proses peleburan, ditandai dengan fraksi cair bernilai 1. Model-A membutuhkan waktu tersingkat,
diikuti oleh Model-B, Model-C, Model-E, dan Model-D. Dibandingkan dengan Model-C, Model-A 9,4% lebih cepat,
Model-B 3,8% lebih cepat, Model-D 2,3% lebih lambat, dan Model-E 3,2% lebih lambat.

Keywords: hot wall inclination, melting, cavity, numerical, paraffin

1. Introduction radial fins [8], changing the shape of the tube-and-shell
to a nozzle-and-shell [9], and changing the shape of
The thermal energy stored in latent heat is greater and the tube-and-shell to combine-and-shell [10].
thus more advantageous than that stored in sensible
heat. Therefore, a latent heat storage system using a Different types of cavities and their effects have been
phase change material (PCM) is an effective way for studied because of their significant effect on the
storing thermal energy [1]. Paraffin is recommended as melting process. The position of the hot wall also plays
the PCM due to its good thermal properties [2], high an important role in the characteristics of the melting
latent heat, nonreactivity [3], latent heat of 176 kl/kg, heat transfer. For instance, the melting rate and
specific heat of 2.9 kJ/kg-K (liquid) and 2.7 kJ/kg-K thermal heat stored for the vertical wall are greater
(solid) [4], and low cost [5]. However, paraffin also than those for the horizontal wall during heating [11].
has drawbacks, including low thermal conductivity [6],
which result in a decrease in the overall performance Visualization of paraffin melting shows that the
of the heat storage system. process is initially dominated by conduction from the
vertical wall to the solid paraffin. Fusion begins to
Several methods have been used to increase the heat occur at the liquid—solid interface parallel to the hot
transfer in the tube-and-shell model of heat storage wall. Convection heat transfer becomes dominant
with paraffin as the PCM. Some examples include because the hot paraffin liquid moves up parallel to the
installing internal fins [7], installing longitudinal and hot wall [12].
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According to the Nusselt number during melting,
conduction is the dominant mode in the initial melting
stage, followed by a short transition. Afterward,
convection dominates the entire melting phase,
followed by weak convection at the last moment. Heat
transfer has four stages: conduction, transition, strong
convection, and weak convection [13].

Any increase in melting rate depends on the shape and
orientation of the hot wall. Changing the shape of the
hot wall from flat to wavy could increase the melting
rate: the greater the amplitude of the hot wall wave,
the greater the rate of melting [14].

Viscosity, conductivity, and differences in circulation
also influence the melting process. Differences in these
conditions are observed in four cases with different
arrangements of two heat source-sink pairs [15].

This numerical study reported the melting process of
PCM in a rectangular cavity with different gradients of
hot wall inclination. The five types of models are
shown in Figure 1. Model-A, Model-B, Model-C,
Model-D, and Model-E had a gradient of hot wall
inclination (m) of -2, —4, o, 4, and 2, respectively.
The hot wall was at a constant temperature, and the
other walls were in an adiabatic condition. Paraffin
wax was used as the PCM. A numerical study was
conducted to visualize the liquid—solid interface inside
the melting paraffin wax. The stored energy and liquid
fraction were analyzed to understand the influence of
the hot wall gradient on the melting process. The
Nusselt number was used to explain the stages of heat
transfer.

2. Computational Method

ANSYS FLUENT software was used for this numerical
study. The model was developed in a geometry
subprogram of the systemic component of ANSYS,
exported to the mesh program component for generation,
and given a boundary of the required unit. Furthermore,
the model was exported to FLUENT for problem solving.

The following were assumptions in this numerical
study: (a) The thermophysical properties of paraffin are

temperature dependent. (b) The liquid paraffin in the
melt exhibits laminar flow. (c) The liquid paraffin is
Newtonian. (d) The viscous dissipation is neglected.
(e) The volume variation due to melting is neglected.

User Defined Functions were used to measure the
density, thermal conductivity, and viscosity of the
paraffin based on temperature. The hot wall was set at a
constant temperature of 330 K, and the initial
temperature of paraffin was 300 K. The adiabatic wall
was set with a heat flux of 0. The SIMPLE scheme was
used as a solution method, and the PRESTO scheme
was adopted as the pressure correction equation. The
First Order Upwind scheme was applied to solve the
momentum and energy equations. The under-relaxation
factors for the pressure, density, momentum, and energy
were 0.3, 1, 0.7, and 1, respectively. The convergence
absolute criterion for the continuity was set to 10-3, and
that for the energy was set to 10-7. The time step for
integrating the temporal derivatives was set to 0.1 s.

The enthalpy—porosity technique [7] was used as the
model in which the liquid-solid interface was not
explicitly tracked. Alternatively, the liquid fraction was
tracked in every iteration based on the balance of the
enthalpy.

The enthalpy of the material was computed as the sum
of the sensible enthalpy, /4, and latent heat, H [7]:

H=h +AH, (1)

T
h = hyes + frmf C, dT, )

where A is the reference enthalpy, Trr is the reference
temperature, and ¢, is the specific heat at constant
pressure.

The liquid fraction, B, can be defined as

B=0 if T<Tswuaus. (€))
=1 if T> Tliquidus’ (€]
T — Tsolidus

if Tsotiqus < T < Tyquidus )

Tliquidus - Tsolidus

31.25mm 28.125mm 5 21.875mm 18.75 mm
Adizhatic wall ]
H
7 ; :
:E ::51 =1
Adizbatic wall
1.7 mm 21.3?5:@:_ 28.125mm 31.25mm
Model-A ModelB Model-C Model-D ModelE

Figure 1. Models used for the Numerical Study
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The latent heat content can now be written in terms of
the latent heat of the material, L:

AH = BL. 6)
The latent heat content can vary between zero (for a
solid) and L (for a liquid).

For melting problems, the energy equation can be
written as

2 (pH) + A. (pvH) = A. (KAT) + S, )
where H is the enthalpy of the PCM, p is the density, v
is the velocity, T is the temperature, k is the thermal
conductivity, and S is the volumetric heat source term
that is equal to O [1].
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The thermophysical properties of the paraffin used in
this study are listed in Table 1.

3. Validation of the Model

Model validation was conducted by comparing the
numerical analysis (Model-C) to those reported by
Arasu and Mujumdar [1]. Paraffin wax with 0% Al,O;
was used as the PCM. The vertical wall (hot and cold
walls) was at a constant temperature, and the other two
walls were adiabatic. The temperature of the hot wall
was set at 330 K, and that of the cold wall was at 300 K.
The initial temperature of the paraffin was 300 K, and
the adiabatic wall was set with a heat flux of 0. The
liquid fraction shown in Figure 2 illustrates reasonably
good agreement.

Table 1. Thermophysical Properties of Paraffin Wax [1]
Property
Density (kg/m?) 750
ensi m
ke 0.001(T — 319.15) + 1
Thermal conductivity of solid (W/mK) 0.21
Thermal conductivity of liquid (W/mK)  0.12
. . 1790
Viscosity (Ns/m?) 0.001 exp(—4.25 + T)
Specific heat (J/kgK) 2890
Latent heat (J/kg) 173400
Liquidus temperature (K) 321
Solidus temperature (K) 319
0.8 ] ] ] ] .
0.7 ]
0.6|
g os
E 0.4 rd 4
(e //
=
g 03] / — [1]0% ALO:
E_l' 02 / — = - Present study
0.1 /
- s
0~ ) . . .
0 300 1000 1300 2000 2300 3000
Time ()

Figure 2. Comparison of Liquid Fraction in the Present Study and the Report of Arasu and Mujumdar [1] on Paraffin Wax

with 0% AlL,Os Nanoparticles
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4. Results and Discussion

The numerical simulation of paraffin melting for each
model was conducted until all of the paraffin samples
had completely melted. The liquid fraction, stored
energy, and Nusselt number during the melting process
were monitored. The results were presented and
discussed to understand the influences of the gradient
hot wall inclination on the melting process.

Figure 3 shows the contour of the velocity stream
function, isotherms, and liquid—solid interface in Model-
A at different melting times. In the early heating
process, conduction was dominant as indicated by the
isotherms lines parallel to the hot wall [2]. Given that
the temperature of the hot wall was greater than that of
the PCM melt temperature, the PCM melted extremely
slowly along the hot wall.

Owing to the difference in the density between the high
temperature of the liquid and the low temperature of the
solid, the liquid was forced to move upward along the
hot wall. Liquid flow was considered as the starting
point of the changing isotherm, where the isotherm lines
moved further in the upper part and convection
gradually dominated.

Convection flow naturally moved upward, parallel to
the hot wall, and then below, close to the liquid—solid
interface. When the liquid moved upward, it accepted
heat from the hot walls. When the liquid moved below,
it transferred heat to the solid PCM so that melting
occurred and the liquid temperature decreased
continuously. Thus, the melting rate was more
pronounced in the upper part of the container than in the
lower part [2].

H e =

= L] =
00 32 64 96 129 16e-03 300 306 312 318 324 330 0 02 04 06 08 10
(kg/s) (K)

t=1000s

t=1500's
(b) (c)

Figure 3. Contour of: (a) Velocity Stream Function,
(b) Isotherms, and (c) Liquid—solid Interface
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The comparison of the liquid—solid interface in Model-
A to Model-E is shown in Figure 4. When t = 3000 s,
the solid paraffin in Model-A had the least amount of
residue among those in the other models, indicating the
melting process of Model-A was the fastest. For Model-
A and Model-E with the same length of the hot wall and
opposing gradients, the speed of the melting process in
Model-A was faster than that in Model-E. Similarly, the
melting process of paraffin in Model-B was quicker
than that in Model-D.

Figure 5 shows the evolution of the liquid—solid interface
in the five models determined by combining seven
images of the liquid—solid interface from each model at
t=1500s, 1000 s, 1500 s, 2000 s, 2500 s, 3000 s, 3500 s.
Despite a slight difference in the curve, the patterns of
the liquid—solid interface showed an overall similarity
among all of the models. When the end of the liquid-
solid interface was on the upper wall and moved from
the left side to the right over time, the length of the
liquid—solid interface increased. Alternatively, when the
end of the liquid—solid interface was on the right wall
and gradually moved from top to bottom, the length of
the liquid—solid interface decreased. Therefore, changes
in the length of this liquid—solid interface affect the
value of the convection.

R ||
04 06 08 1.0

00 02
Model-A Model-B Model-C

Model-D Model-E

Figure 4. Comparison of the Liquid-solid Interface at t =

3000 s
500s 1000s 1500s 500s 1000s 1300s 5005 1000s 1500s
20005 | /| 20008
3 | . | 20005
Y A 200e \\ [/ | 25005 1 25002
|7 | so00s N /77" 3000s | |f£77" _— 3000
e = < 35008
Model-A Model-B Model-C
500 1000z 1500 500s 10005
j _ 15005
| 20005 / ~_| 2000
| 25005 // /] | 25008
| 000 [ 30008
(MR ™ el 3500 LT el 35005
Model-D Model-E

Figure 5. Evolution of the Liquid—solid Interface
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The time necessary to achieve a liquid fraction of 1 in
the five models during melting is shown in Figure 6.
Despite having different values, all the models had the
same patterns of liquid fraction. Until the end of the
melting process, Model-A was the fastest, followed by
Model-B, Model-C, Model-E, and Model-D. The
required time to achieve the liquid fraction of 1 for all
the models is presented in Table 2.

According to the comparison of the cases with the same
length of the hot wall but the opposite gradient, the
liquid fraction in Model-A was 12.3% faster than that in
Model-E, and the liquid fraction in Model-B was 6.0%
faster than that in Model-D. Therefore, despite the same
length of the hot wall, the melting times will vary when
opposite gradients are applied.

The total energy stored at t = 3000 s is presented in
Table 3. Model-A stored the most energy, followed by
Model-B, Model-C, Model-D, and Model-E. When the
energy stored between Model-A and Model-E had the
same length of the hot wall but opposite gradients,
Model-A had 4.5% greater energy than Model-E. A
similar trend occurred between Model-B (m = 4) and
Model-D (m= —4); Model-B had 2.3% greater energy
than Model-D. Therefore, a negative gradient increases
the amounts of stored energy compared with a positive
gradient.

1.0

0.8

37303

0.6

3696s

0.4

36125

— Model-A
- ModelB
Model-C

= ModelD T

- ModelE -

Liquid fraction

3472s

1000 1500 2000 2500 3000 3500
Time (s)

0 500

Figure 6. Liquid Fraction

Table 2. Required Time to Achieve A Liquid Fraction of 1

Model Time (s) Comparison with Model-C
A 3270 9.4% faster
B 3472 3.8% faster
C 3612 0
D 3696 2.3% slower
E 3730 3.2% slower

Makara J. Technol.
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The surface Nusselt number on the hot wall is shown in
Figure 7. The change in the shape of the Nusselt number
indicates a different heat transfer mechanism in the
melting process [3]. In the beginning of the melting
process, the Nusselt number was extremely high,
indicating that the liquid has yet to form via heat
transfer conduction. In the later stage, the Nusselt
number decreased when a layer of the liquid started to
form. In this period, the thermal transfer modes were
conduction and convection (Region 1). A slow increase
subsequently occurred, indicating strong convection
(Region 2). However, at a later stage, the Nusselt
number decreased again, indicating diminished
convection (Region 3). The Nusselt number during
Transitions 1 and 2 varied for each model, and the
transitions occurred at different times as presented in
Table 4.

Figure 8 illustrates the time to Transition 1 and
Transition 2, which is correlated with the liquid—solid
interface. With time, the liquid—solid interface in
Region 1 was relatively parallel to the hot wall, that in
Region 2 was longer, and that in Region 3 was
decreasing. In addition, some transitions occurred
within the regions.

Table 3. Energy Stored
Energy stored Comparison with
Model ot t=3000 s Model-
A 159.02 3.2% higher
B 156.15 1.4% higher
C 154.00 0
D 152.63 0.8% smaller
E 152.12 1.2% smaller
12 | Region 1

Transition 2

Nu
(=2

Transition 1
4- — Model-A
— Model-B
~—— Model-C
~77 Model-D
""" Model-E

%]

0 500 1000 1500 2000 2500 3000 3500 4000
Time (s)

Figure 7. Surface Nusselt Number on the Hot Wall
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Table 1. Nusselt Number

Model Transition 1 (s) Nu  Transition 2 (s) Nu

A 302 6.65 1940 9.22

B 284 6.20 1874 9.08

C 310 6.25 1770 9.02
D 308 5.84 1640 9.09

E 276 5.86 1462 9.33
__ 302 1940: 184s 8774:  310= 1770s
\ | Transition 1 / | ‘

g..- Bcooni Transﬂ.iog_l

SN

/ Regioni

308s 1640s 2768 24625

Figure 8. Region at the Liquid—solid Interface

All of the models had a short period of Region 1,
indicating the heat transfer was changing faster than
toward conduction than toward convection. The liquid
flowed faster so that the convection heat transfer mode
dominated quickly. Region 2 was longer, resulting in
long strong convection. In Region 3, convection
diminished because the liquid—solid interface was
reduced.

5. Conclusions

For the completion of the melting process, Model-A is
the fastest, followed by Model-B, Model-C, Model-E,
and Model-D. A similar trend is observed for the stored
energy, with Model-A storing the most energy.

Makara J. Technol.

According to the Nusselt number, Model-A has the
shortest transition. Hence, convection occurs quickly
and becomes strong for a long time.
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