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metric melting of phase change material between two cylinders in concentric and eccentric
arrays using the FLUENT software which is sub-cooled initially to 1 °C. Inner cylindrical
tube is considered hot wall while outer tube is insulated. Predicted result shows that melt-
ing rate is the same approximately for concentric and eccentric array before time of 15 min.
After this time, melting rate decreases in concentric array. It is due to the pure conduction
between hot tube and cold solid phase change material.
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1. Introduction

Many studies have been 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 conduc-
tivity which impedes high rate of charging and discharging 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 vapour pressure (1 bar) at the operational temperature, and chemical stability
and non-corrosiveness. These properties allow the PCM to be used in many industrial applications such as thermal storage
of solar energy [1-4], thermal management of electronic devices [5-7], thermal storage in buildings [8,9], and engine cooling
[10,11].

According to Telkes and Raymond [12], the first study of phase change materials was carried out in the 1940s. There are
few works reported until the 1970s. The first study on PCM was presented by Barkmann and Wessling [13] for use in build-
ings, and later by other researchers [14-16]. Sokolov and Keizman [17] presented applications of PCM in a solar collector for
first time in 1991, and later by others, e.g. Rabin et al. [18], Enibe [19,20], and Tey et al. [21]. Also, there are a few review
papers on energy thermal storage and phase change material [22,23]. Following them, a beneficial review of thermal energy
storage based on PCM was presented by Zalba et al. [24]. 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 the experimental and numerical studies are related to saving of energy in building structures
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Nomenclature

C mushy zone constant, kg/m>s
(@8 specific heat, J/kg K

g gravitational acceleration, m?/s
h sensible enthalpy, J/kg

H enthalpy, J/kg

k thermal conductivity, W/mK

L latent heat fusion, J/kg

T temperature, K

u velocity, m/s

Greek symbols

u dynamic viscosity of the fluid, Kg/ms
p density, kg/m>

\J kinematics viscosity, m/s?

B liquid fraction

and solar collectors. Khodadadi and Zhang [25] studied the effect of buoyancy-driven convection on constrained melting of
PCM in a spherical container numerically. Their results showed the rate of melting at the top region of sphere is faster than at
the bottom region due to increase conduction.

Assis et al. [26] investigated both numerically and experimentally on melting in a spherical shell. They performed their
numerical studies using the commercial software Fluent 6.0. Computational results had a 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 [27]. Tan and Leong [28] carried out an experi-
mental study of solidification of pure n-Octadecane within two rectangular cells with different aspect ratios and three dif-
ferent constant heat fluxes. Their results showed that a faster rate of solidification occurred at higher heat rates and smaller
aspect ratios. Hosseinizadeh et al. [29] investigated both experimental and numerical study of constrained and uncon-
strained melting in a spherical container using n-Octadecane as PCM that was initially subcooled to 1 °C.

Alawadhi [30] carried out a numerical study on transient laminar flow past an in-line cylinders array containing phase
change material (PCM) using the finite-element method. He investigated a parametric study of heat exchanges between
the PCM and flow at different Reynolds numbers and pitch to diameter ratios whereas Prandtl number was fixed at 0.71.
His predicted results show that the Reynolds number has a significant effect on the PCM melting time, whereas the pitch
to diameter ratio has an insignificant effect.

Bagheri et al. [31] studied the transient behaviour of a thermal storage module numerically. The module is composed of a
concentric tube, in which the annulus contains the phase-change material (PCM) and the inner tube carries the heat transfer
fluid. They used three different PCM. They measured the charging time for every PCM at the same condition. Hosseinizadeh
et al. [32] studied the unconstrained melting of nano-enhanced phase change materials (NEPCM) inside a spherical container
using RT27 and copper particles as base material and nano-particle, respectively. They found that the enhancement in the
thermal conductivity and decrease of latent heat increase the melting rate of NEPCM compared to conventional PCM.

Ng et al. [33] carried out a numerical simulation of convection melting of a PCM in a cylindrical annulus heated isother-
mally from the inside wall. The impacts of Rayleigh number on the melting rate as well as the evolution of the fluid flow
pattern were investigated. It was found that enhancements in Rayleigh number increase heat transfer rate. Also, melting
of PCM in the bottom section was very ineffective because the energy modified to the system was mostly transferred to
the upper section. Liu et al. [34] studied experimentally the solidification of stearic acid in a vertical annulus energy storage
system. They used a copper fin mounted to the electrical heating source to promote the thermal conductivity of the base
material. It was concluded that the rate of heat transfer was directly associated with the inlet temperature and the Reynolds
number had just a very slight effect on the solidification rate. Melting process of a pure PCM in tube geometries of two var-
ious configurations (square external tube with a circular tube inside and circular external tube with a square tube inside)
were investigated numerically by Khillarkar et al. [35]. It was observed that the thermal stratification obtained in the upper
section of the cavity because of the natural convection. Mesalhy et al. [36] performed a numerical study for increasing the
thermal conductivity of PCM using porous matrix in two concentric cylinders. They found that the presence of porous matrix
had an influential effect on the melting rate of PCM while it damped the convection motion. In this way, the decreases of the
porosity enhanced the melting rate.

This paper presents numerical study of melting 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. It
can be important in shell and tube heat exchangers problem.
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2. Governing equations

In the numerical study, the flow is considered unsteady, laminar, incompressible and two-dimensional. The viscous dis-
sipation term is considered negligible. The viscous incompressible flow and the temperature distribution are solved using
the Navier-Stokes and thermal energy equations, respectively. Consequently, the continuity, momentum, and thermal
energy equations can be expressed as follows:

Continuity:
or(p) + di(pu;) = 0. (1)
Momentum:
de(pui) + j(puitsj) = poju; — Oip + pg; + Si- (2)
Thermal energy:
9t (ph) + 0:(pAH) + 0i(push) = 9i(kdiT). 3)

In these relations, u; is the fluid velocity, p is the PCM’s density, u is the dynamics viscosity, P is the pressure, g is the grav-
itational acceleration, k is the thermal conductivity and h is the sensible enthalpy which is defined as follows:

T
h = hyy + / C,dT. (4)
Tref

The enthalpy, H, is therefore:
H=h+ AH. (5)
AH is the latent heat content that may vary between zero (solid) and L (liquid), the latent heat of the PCM. Therefore, liquid
fraction B, can be defined as follows:
=0 if T < Tsoigus,
p={ =1 if T > Tiiguius, (6)

AH T—Tsoligus f l I I
a2 ——Solidus 1 . P .
L liquidus =T solidus solidus < < llquldus

In Eq. (2), S; 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 follows:

C(1-p)?
Si:%ui. (7)

The coefficient C is a mushy zone constant which is fixed at a value of 10° kg/m?s for the present study [37].
3. Numerical procedures

Numerical study of the present problem is solved using the commercial software FLUENT 6.3.26. The computational
domain of the symmetric model is shown in Fig. 1. The small cylinder’s inner diameter and wall thickness are 20 and
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Fig. 1. Schematic of computational domain.
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Table 1

Thermophysical properties of N-eicosane.
Properties Values
Melting temperature 36 (35-37)°C
Density 770 kg/m>
Kinematic viscosity 5x 107 m?/s
Specific heat 2460 J/kg K
Thermal conductivity 0.1505 W/m K
Latent heat of fusion 247.6 k] [kg
Thermal expansion coefficient 0.0009 K!

1.5 mm, respectively. The outer cylinder’s diameter is 40 mm. and the thermal conductivity of inner cylinder is equal to
400 (W/m K). The cylinders are concentric in array A, and the centre-to-centre distances are 5 and 7.5 mm in array B and
C, respectively. N-eicosane is selected as PCM that its thermophysical properties are taken in Table 1. The inner cylinder tube
is hot and outer cylinder tube is insulated. PCM is sub-cooled to 1 °C.

In order to solve the momentum and energy equations, the power law 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 0.2, 0.3, 1 and
0.9, respectively. Different grid sizes were selected and tested to ensure independency of solution from the adopted grid
size based on comparison of melting fraction and streamline contours. An arrangement of 6470 grids was found sufficient
for the present numerical 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, 58.7 and
61.2 min with time step increments of 0.01, 0.005 and 0.002 s for concentric position (array A), respectively. Therefore, the
time step is set 0.005 s. The number of iterations for every time step fixed at 70 was found sufficient to satisfy the conver-
gence criteria (107°). In order to validate the present work, Initial run is done and compared with work of Assis et al. [26] for
temperature difference of 10 °C (Ste = 0.1) and shell diameter of 40 (mm). Fig. 2 shows comparison of liquid fraction versus
time between two works. It can be seen that the present study shows a good agreement with Assis et al. [26] work.

4. Results and discussion

Instantaneous colorized contours of solid-liquid front at different time (after 1, 5, 10, 15 and 20 min) are presented for
three different arrays of cylinders in Fig. 3. The solid PCM was subcooled at 308.15 °C where the wall temperature of inner
cylinder fixed to the 329.15 °C.

It can be seen, at start, very thin layer of liquid is formed around hot inner cylinder symmetrically for all arrays. After
5 min, this layer is expanded. Although the shape and size of liquid zones are approximately the same in each three arrays,
solid PCM is more melted in top region of inner cylinder. It is due to the effect of natural convection in this zone where warm
liquid rises to the top region and cooler liquid replaces. Heat conduction occurs between hot surface of inner wall and cold
solid PCM at the bottom region. This phenomenon is shown schematically in Fig. 4. Also the predicted result shows an
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Fig. 2. Comparison of liquid fraction versus time between present study and Assis et al. [26] work.
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Fig. 3. Computational melting phase front for different arrays with sub-cooling of 1 °C (blue colour: solid PCM). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

unstable and complicated structure near the top region of the cylinder that brings about the formation of waviness on the
solid-liquid interface.

As time progresses further, the shape of liquid zones is different from each other. After 10 min, liquid layer reaches to the
outer cylinder in array A while it can be seen a thick layer of solid PCM near this wall in two others. It is due to less distance
of hot cylinder to top section of outer cylinder. This phenomenon occurs for array B after 15 min while exist a layer of solid
near bottom and sides of outer cylinder for array C.

After 20 min, all of solid PCM is approximately melted in array C whereas significant quantity of it remained in bottom
region in array A. So the long-time needs to complete melting.

Streamlines and isotherms at various time instants for each array are shown in Fig. 5.

Streamlines in left half section of symmetric line are drawn with black lines whereas colorized isotherm lines are drawn
in right half of it. It is observed that the several recirculation regions create in the narrow melting area which shows the
Benard formation in natural convection (Fig. 5(b and c)). It should be mention that by increasing the melting area, several
recirculation regions merge to gather and create a main recirculation region (Fig. 5(e)). The temperature distribution in
the melting area is affected by recirculation formation. This phenomenon can be seen in the Fig. 5 clearly. Although the melt-
ing zone (mass of liquid divided to total mass) in array C is larger than B and A (Fig. 3(e)), the overall temperature in this area
for array C is lower than for two others.

Cold (solid PCM)
Hot Fluid %\
Hot Fluid
Stable structure D —

Cold (solid PCM)

Fig. 4. Stable and unstable structures of thermal layers in symmetric line.
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Fig. 6. Variation of liquid fraction versus time.

Liquid fraction versus times is plotted in Fig. 6. It reveals that the curves have linear behaviours for all arrays before
15 min approximately. In these times, the volume of melted PCM in array A is slightly greater than other arrays. After
15 min, curve for array C continued linear variation while both others turn in curvature lines for other arrays especially
for array A. As discussed above, in this time, Solid PCM melted in top region of cylinders and therefore, pure heat conduction
is dominated mechanism of heat transfer between solid PCM and inner cylinders for array A and B. On the other hand, in
array C, a layer of solid PCM exists around inner sides of outer cylinder yet. Thus combined heat conduction and natural heat
convection cause to continue linear change of melting rate in this array. Full melting for array A, B and C occur 58.7, 26.08
and 20.2 min, respectively. It is interesting when inner cylinder tube staggered 5 mm (as same as inner tube radius) toward
down of centre, the melting rate increases to twice approximately.

5. Conclusion

In present study, the melting of PCM was investigated in concentric and eccentric cylindrical tubes. The PCM sub-cooled
to 1 °C. Predicted results show that heat conduction to the PCM is dominant at the beginning of melting for all zones through
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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. Thus melting rate in top half becomes faster than the bottom half of the cyl-
inder. It is interesting when inner cylinder tube moves toward down of the centre, the melting rate increases sharply. It is
due to dominant the natural convection heat transfer in the most area of PCM.
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