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The process of melting of a phase-change material (PCM) in eccentric horizontal cylinders
geometry is studied numerically. Numerical simulations are performed for symmetric
melting of phase change material between the two cylinders using the finite volume
method. The inner cylinder is a finned-tube to enhance the heat transfer between the
inner cylinder and the PCM. Inner cylindrical is considered as hot wall while outer is
insulated. These simulations show the melting process from the beginning to the end.
As result, it is found that the use of fins on the inner tube increases the melting process
by decreasing the time of melting by 72.72 %.
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1. Introduction

Solar power has been widely used in our daily lives for decades. This unique and
abundant resource can be utilized even in the most remote territories to generate
electricity and thermal energy, as long as there is plenty of sunshine. The discontin-
uous nature of the solar energy forces to use thermal energy storage (TES) because
it is recognized as a key technology for further deployment of renewable energy and
to increase energy efficiency in our systems. Latent heat storage (LHS) is considered
to be one the preferred TES patterns. A lot of researches on the performance of
LHS systems have performed in recent years by testing different PCMs [1,2].

Other works studied the effects of geometry parameters and boundary condi-
tions on the PCM LHS performance [3–6]. Phase change in cylindrical geometry
is of great interest from the theoretical point of view and is of importance for the
development of processes based on the use of latent heat. The melting process
inside a cylinder, which is usually accompanied by natural convection, has been
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frequently studied by Ahmad et al. [7]. They discussed a numerical study of melt-
ing process between two cylinders for concentric and eccentric state. This study
was done to investigate the effect of position of inner cylindrical tube on melting
of PCM (charging) in outer cylindrical shell. They found that heat conduction to
the PCM is dominant at the beginning of melting for all zones through contact
melting. After a few minutes, natural convection becomes dominant at top half of
hot cylinder while heat conduction remains dominant in bottom of hot cylinder.

Melting rate in top half becomes faster than the bottom half of the cylinder.
It is interesting when inner cylinder tube moves toward down of the centre, the
melting rate increases sharply. Tao and He [8] proposed a compound enhancement
method, which is consisted of internal enhanced tube (ET) and multiple phase
change materials. Four different cases were designed to compare and validate the
performance of the presented compound enhancement method. Case 1 is a basic
case with smooth tube (ST) and single PCM (PCM1). Case 2 is a simple enhanced
case with internal helically-finned enhanced tube (ET) and single PCM (PCM1).
They found that compound enhancement method can further improve the PCM
melting rate and total TES rate. But the synthesized enhancement effects (TES
rate and TES capacity) greatly depend on the thermal properties of the selected
PCMs. With appropriately selecting the PCMs (for example case 4), both the TES
rate and TES capacity can be enhanced.

Tao and He [9] presented a numerical studies on the effects of natural convection
on latent heat storage performance of latent heat storage (LHS) process of salt in
a horizontal concentric tube. They designed a fin-tube to improve the uniformity
of the melting process. They found that the designed local enhanced finned tube
can both improve the uniformity for the melting process and enhance the LHS
performance. The fin parameters should be appropriately selected. The excessive
large fin number, fin thickness or fin height will break the uniformity again and
reduce the heat storage capacity. In order to further enhance the LHS performance
of shell-and-tube LHS unit. The melting process in the eccentric cylinders with
inner finned-tube is studied in this work.

2. Physical model and governing equations

2.1. Physical model

The physical model is shown in Fig. 1, which is a shell-and-tube configuration. The
geometric parameters are as follows: the radius and wall thickness for the inner
tube are 20 and 1.5mm respectively, and inner radius for the outer tube is 40mm.

The cylinders are eccentric and the centre-to-centre distance is 10mm. The inner
tube is smooth in Fig. 1(a), and with fins in Fig. 1(b). The inner cylinder tube
is hot and outer cylinder tube is insulated. The temperature of the inner cylinder
fixed to the 329.15K. The geometric parameters of the triangle fins are as follows:
high and base are 10 and 5mm respectively Fig. 1(b).

CN-eicosane is taken as PCM which is filled in the circular space between the two
tubes. The solid PCM was subcooled at 301.15K. The thermophysical properties
of PCM and inner cylinder are taken from reference [7]. In order to simplify the
mathematical model and save the computational time and due to the symmetry,
a half of the eccentric cylinders are chosen as the computational domain.
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Figure 1 Schematic of the LHS unit

2.2. Governing equations

This model is based on the conservation equations of fluid mechanics: the continuity
the momentum and the energy equations.

• Continuity:
∂t (ρ) + ∂i (ρui) = 0 (1)

• Momentum:

∂t (ρui) + ∂i (ρuiuj) = µ∂jjui − ∂ip+ ρgi + Si (2)

• Thermal energy:

The mathematical equations used to solve the solidification and melting mod-
els depend on the enthalpy–porosity technique [10,11].

∂t (ρH) +∇ (ρvH) = ∇ (k∇T ) + S (3)

In these equations, v is the fluid velocity, ρ is the PCM’s density, k is the
thermal conductivity, H is the enthalpy and S is the source term.

The sensible enthalpy can be expressed as:

h = href +

∫ T

Tref

CpdT (4)

where href is the reference enthalpy at the reference temperature Tref , Cp is
the specific heat.

The enthalpy of the material is computed as the sum of the sensible enthalpy,
h, and the latent heat, ∆H:

H = h+ ∆H (5)

where ∆H can be written in terms of the latent heat of the material, L

∆H = β L. (6)
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∆H may vary between zero for solid and 1 for liquid, and β is the liquid fraction
during the phase-change which occurs over a range of temperatures: Ts < T < Tl,
defined by the following relations:

β = 0 if T < Ts
β = 1 if T > Tl

β = T−Ts

Tl−Ts
if Ts < T < Tl

(7)

where: Ts and Tl are the solidus and liquidus temperatures of the PCM respectively.
The source term Si in the momentum equation, Eq. (2), is given by:

Si = −A(β)ui (8)

where A(β) is the “porosity function” defined by Brent et al. [12].

A(β) =
C (1− β)

2

β3 + ε
(9)

where ε = 0.001 is a small computational constant used to avoid division by zero,
and C is a constant reflecting the morphology of the melting front. This constant is
a large number, usually 104 − 107. A value of C = 105 has been used in a previous
study [13], where its effect was discussed. The coefficient C is fixed at a value of
105kg/m3s for the present study [14].

2.3. Boundary Conditions

This work adopts a phase change state. The boundary conditions are chosen ac-
cording to the work of Ahmad et al. [7].

2.4. Model Validation

The system of conservative equations (1 to 3) is solved with finite volume method
and SIMPLE algorithm was used for pressure-velocity coupling. The convergence
of solutions is assumed when the maximum normalized residue for all cells is less
than 10−5.

A grid independence test analysis showed that the mesh of 5643 grids is good
enough for the studied geometry. Several values of time step ∆t have been examined
(∆t = 0.07, 0.06, 0.05, 0.01)s for the chosen grid, the time step used in computations
is 0.05s.

After that, the comparisons between the present numerical predictions and the
results in [7] were performed to validate the reliability of the simulation. The
comparative results are shown in Fig. 2. We can see that the predicted liquid
fraction curves of the present work and the results in [7] are well accordant with
each other. The good agreements show that the physical model and simulation in
the present paper are correct and reliable.

3. Results and Discussions

In order to investigate the effects of fins on the melting of PCM and on the LHS
performance, two models were adopted. One is a LHS with a smooth inner tube
and the other is an inner tube with fins. In the following section, the prediction
results for the two models will be compared.
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Figure 2 Comparison of our results in terms of liquid fraction with those obtained by Ahmed et
al. [7]

3.1. LHS with Smooth Inner Tube

The instantaneous contours of the colorized temperature fields and liquid fraction
after 2, 10, 20, and 30min are given in Fig. 3.

Figure 3 Temperature contours (a) and melting patterns (b) at different times: 2, 10, 20, 30min
(smooth tube)

It is observed that at the beginning of the process a small melting area was
created because of the small amount of heat transferred. The conduction inside the
solid matrix of the PCM is responsible for the heat transfer process inside and this
region receives heat from the melted part by convection. The physical mechanisms
of the PCM melting process were explained in detail by Aydin et al. [15,16]. Results
show that heat conduction is the dominant heat transfer mechanism at the beginning
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of the melting for all the annulus space. After a few minutes, natural convection
becomes the dominant mode. Melting behavior in the upper half of the annulus
was much more enhanced than that in the lower half because of the ascending melt
flow due to the buoyancy-induced or natural convection. In order to obtain the
uniform PCM melting rate and temperature distribution, an inner finned tube is
designed and the effects of presence of fins on the performance will be numerically
investigated.

3.2. LHS with Inner Finned-Tube

Fig. 4 shows the heating and melting processes of the PCM, It can be showed that
melting starts in the below region close to the inner wall and, in the following, molten
PCM ascends to the top part of the PCM container as A result of natural convection
boundary layers existing near the tube wall. Then, two regions coexist during the
charging processes, which are the melted PCM region in the liquid phase and the
non-melted PCM region in the solid phase. The results showed an increase in the
heat transfer rate when using inner tube with fins. This effect can be measured by
the time needed by the inner tube to melt the PCM.

Figure 4 Temperature contours (a) and melting patterns (b) at different times: 2, 5, 10,15 minutes
(finned tube)

Fig. 5 shows the time needed to melt the PCM due to the heat transferred by
the inner tube for the two cases with and without fins. To melt the PCM from the
solid state to the liquid state using an inner tube without fins, the time needed was
about 30 min to get 88% of liquid fraction. When using fins, to achieve the same
liquid fraction (88%), the time necessary was about 14min (a reduction of 46.66%),
knowing that the space taken by the fins is just 2.5% of the space between the two
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Figure 5 Comparison of liquid fraction variation versus time for the two cases with and without
fins

cylinders.

4. Conclusions

In the present numerical study, the melting processes in horizontal eccentric cylin-
ders with a finned-tube have been investigated. Results show that heat conduction
is the dominant heat transfer mechanism at the beginning of the melting for all the
space considered. After a few minutes, natural convection becomes the dominant
mode.

For the case of the finned inner tube, melting behavior was much more enhanced
than that in the case of smooth tube. The use of fins in eccentric cylinders reduced
the time necessary for the melting process; in this case the time was reduced by
72.72%.
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