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Thermal energy storage is critical for eliminating the discrepancy between energy supply and demand as
well as for improving the efficiency of solar energy systems. This study numerically investigates the melt-
ing process in a triplex-tube heat exchanger with phase-change material (PCM) RT82. A two-dimensional
numerical model is developed using the Fluent 6.3.26 software program. Three heating methods were
used to melt the PCM from the inside tube, outside tube, and both tubes. Internal, external, and inter-
nal–external fin enhancement techniques were studied to improve the heat transfer between the PCM
and heat transfer fluid. Enhancement techniques were compared with the inside tube heating, outside
tube heating, both tube heating as well as the finned and internally finned tube. The effects of fin length
on the enhancement techniques were investigated. Using a triplex-tube heat exchanger with internal–
external fins, predicted results indicated that melting time is reduced to 43.3% in the triplex tube without
fins. Experiments were conducted to validate the proposed model. Simulated results correspond with the
experimental results.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Over the last three decades, the thermal energy storage of
phase-change materials (PCMs) have been intensively studied by
numerous researchers because of their high thermal energy densi-
ties per unit volume/mass and their potential for application in dif-
ferent engineering fields with wide temperatures ranges. PCM
thermal energy storage is critical for eliminating the discrepancy
between energy supply and demand as well as for improving the
efficiency of solar energy systems. Thermal energy storage sys-
tems, especially latent heat thermal energy storage (LHTES), have
recently gained considerable attention from the perspectives of
global environmental problems and energy-efficiency improve-
ment. LHTES demonstrates high performance and dependability
with advantages of high storage capacity and nearly constant ther-
mal energy [1]. PCM applications are found in different engineering
fields such as thermal storage of building structures [2,3], building
equipment such as domestic hot water, heating, and cooling sys-
tems [4–6], electronic products [7–9], drying technology [10],
waste heat recovery [11], refrigeration and cold storage [12,13], so-
lar air collectors [14], and solar cookers [15].
PCMs have limited use as thermal energy storage devices be-
cause of their low thermal conductivity. This disadvantage length-
ens the time necessary to complete the melting and solidification
processes. Several researchers investigated heat transfer enhance-
ment in PCMs using various techniques such as the use of finned
tubes [16], insertion of a metal matrix in the PCM [17], multitubes
[18], bubble agitation in PCMs [19], PCM dispersed with high-con-
ductivity particles [20], and multiple families of PCMs in LHTES
[21]. Various fin configurations are applied to PCMs, including
external and internal fins (circular, longitude, and rectangular).
Erek et al. [16] investigated the behavior of thermal energy storage
(shell and tube type) with a circular-finned tube and PCM in annu-
lar space. They developed a two-dimensional numerical model to
predict the effect of fin dimensions and operation parameters (fin
space, fin diameter, Re number, and heat transfer fluid inlet tem-
perature) on the solidification and melting processes of PCM. Bali-
kowski and Mollendorf [22] studied the effect of using a spined
pipe tube and smooth pipe heat exchanger with two types of PCMs
on the charging/discharging of a vertical double pipe heat exchan-
ger with different PCMs in the annular gap. To improve the heat
transfer of PCM thermal energy storage, Agyenim et al. [23] used
circular and longitudinal fins to enhance heat transfer. They found
that the longitudinal-finned system is suitable for charging and
discharging in a concentric tube PCM system because such system
can achieve optimal charge performance with negligible subcool-
ing during discharge.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.enconman.2013.05.003&domain=pdf
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Nomenclature

C mushy zone constant (kg/m3 s)
Cp specific heat of PCM (J/kg �C)
gi gravity acceleration in the i-direction (m/s2)
h sensible enthalpy (J/kg)
H enthalpy (J/kg)
k thermal conductivity (W/m K)
L latent heat fusion (J/kg)
P pressure (Pa)
T temperature (�C or K)
ui velocity component (m/s)
r tube radius (m)
Si momentum source term in the i-direction (Pa/m)
Ste Stefan number

Greek letters
q fluid density (kg/m3)

c liquid fraction
b thermal expansion coefficient
l dynamic viscosity (kg/m s)
e constant

Subscripts
i, j components
ini initial
HTF heat transfer fluid
m melting
ref reference
s solidus of the PCM
l liquidus of the PCM
t time
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Stritih [24] added a rectangular external fin to enhance heat
transfer during melting and solidification of a latent heat storage
for thermal applications in buildings. They found that heat storage
(melting) was not a problem during thermal storage applications
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Fig. 1. The physical configuration of the TTHX models, (a) TTHX without fin, (b) TTHX w
and that heat extraction (solidification) is effectively enhanced
by fins. Blen et al. [25] investigated the melting and solidification
characteristics of (CaCl2�6H2O) as a PCM in a vertical two-concen-
tric pipe energy storage system. Different design and operation
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ith internal fins, (c) TTHX with external fin, (d) TTHX with internal–external fins.
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Fig. 2. Physical configurations (a) finned tube and (b) internally finned tube.

Table 1
Thermo-physical properties of the PCMa, copper.

Property RT82 Copper

Density of PCM, solid, qs (kg/m3) 950 8978
Density of PCM, liquid, ql (kg/m3) 770 -
Specific heat of PCM, liquid, Cpl, Cps (J/kg K) 2000 381
Latent heat of fusion, L (J/kg) 176000 -
Melting temperature, Tm (K) 350.15- 358.15 -
Thermal conductivity, k (W/m.K) 0.2 387.6
Thermal expansion coefficient (1/K) 0.001 -
Dynamic Viscosity, l (kg/m.s) 0.03499 -

a Rubitherm GmbH, 2011. Available from: http://www.rubitherm.de.
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parameters were studied, including the number of fins inside the
PCM, mass flow rate, and inlet heat transfer fluid (HTF) tempera-
ture. They found that the effect of design parameters is more sig-
nificant than the effect of operation parameters. To reduce the
charging and discharging time, Languri et al. [26] studied the ef-
fects of using a new thermal energy storage with high surface-to-
volume and aspect ratios. They used a vertically sealed copper pa-
nel jointed axially with respect to the thermal energy storage cen-
ter. Results showed that charging and discharging rates improved
by nine times compared with the concentric system.

The time required to complete the melting and solidification of
PCM is important to enable the absorption/release of solar thermal
energy. The charging process depends on the HTF mass flow rate
and inlet temperature. Inlet HTF temperature fluctuations affect
the charging process, especially when the charging source depends
on solar energy. To determine the time required for complete solid-
ification, Ismail and Moraes [27] numerically and experimentally
studied the effect of PCM container materials, configuration, and
dimensions on the solidification of various PCMs. To meet the
requirement to charge as quickly as possible, Agyenim et al. [28]
increased the inlet HTF temperature between 125 and 145 �C when
charging a double-pipe heat exchanger with PCM in the annulus
side because daily solar availability in Europe for most of seasons
is less than 8 h. They reported that overheating at the upper sec-
tion and unequal heat distribution in the PCM occurs when the in-
let HTF temperature exceeds 140 �C.

Al-Abidi et al. [29] introduced external and internal fins to the
triplex-tube heat exchanger (TTHX) as a heat transfer-enhance-
ment technique. They numerically investigated the effect of differ-
ent design and operation parameters such as fin length, fin
thickness, number of fins, and PCM geometries as well as TTHX
materials on the melting process. The result showed that the melt-
ing time for the eight-cell PCM unit geometry was reduced to 34.7%
compared with that of a triplex tube without fins.

TTHXs are used for different products and are utilized in the
dairy, food, beverage, and pharmaceutical industries [30]. Long
and Zhu [31] experimentally investigated triplex concentric tubes
with PCM in the middle tube for the energy recovery of waste heat
from air conditioning or solar energy, hot heat transfer fluid flow-
ing in the outer tube during the charging process, and cold heat
transfer fluid flowing in the inner tube during the releasing pro-
cess. Khillarkar et al. [32] found that free convection significantly
affected the melting of pure PCM contained in concentric horizon-
tal annuli with different configurations: a square external tube
with a circular tube inside and a circular external tube with a
square tube inside.

TTHX with PCM in the middle tubes increases the heat-transfer
area, consequently improving heat transfer relative to that of a
double-pipe heat exchanger. The time required to complete PCM
melting is also reduced. To charge the storage, a low temperature
difference between the HTF inlet temperature and melting point
of the PCM is used.

This numerical study compares the heat transfer during PCM
melting in a triplex-tube heat exchanger based on three charging
cases/approaches to complete PCM melting in 4 h. In the inside
heating method, heat is supplied from the inner tube, and the out-
er tube is considered insulated. In the outside heating method,
heat is delivered from the outer tube, and the inner tube is consid-
ered insulated. In the heating both sides method, heat is provided
from the inner and outer tubes. During the melting process in the
thermal storage, the effects of the longitudinal internal fin, exter-
nal fin, and internal–external fins welded to the TTHX are
investigated.
2. Numerical approach

2.1. Physical model

The physical configuration of the TTHX model is shown in Fig. 1.
The model has a 25.4 mm inner tube radius (ri) and 1.2 mm thick-
ness. The middle tube (rm) and outer tube radii (ro) were 75 and
100 mm, respectively, with 2 mm thickness. Copper pipes were
used to ensure high thermal conductivity. As shown in Fig. 1, eight
fins 42 mm long and 1 mm thick were welded to the inner tube,
middle tubes, and both tubes to enhance heat transfer. The same
fin and tube dimensions were used for the finned and internally
finned tubes, as shown in Fig. 2. The outer and inner tubes were
used for HTF (water), whereas the middle tube was used for the
PCM based on a commercially available material (Rubitherm
GmbH-Germany (RT82)). The thermophysical properties are listed
in Table 1.

http://www.rubitherm.de
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Fig. 3. Computational domain for all models of TTHX.

Table 2
Liquid fraction for different grid sizes with 0.5 s time step.

Grid size Time (s)

300 1800 2700

17,956 0.1303 0.7013 0.9767
22,004 0.1283 0.6754 0.9738
27,854 0.1233 0.6529 0.9604

Table 3
Liquid fraction for different time steps with 17,956 grid size.

Time step (s) Time (s)

300 1800 2700

0.2 0.1288 0.7204 0.9875
0.5 0.1303 0.7013 0.9767
1.0 0.1320 0.6885 0.9706

Fig. 4. DSC curves RT 82 PCM cooli
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2.2. Governing equation

As regards the PCM inside the middle tube of the TTHX, math-
ematical equations of the melting process show a laminar, unstea-
dy, and incompressible flow. Viscous dissipation is negligible.
Constant thermophysical characteristics of the PCM such as the
specific heat, thermal conductivity, and viscosity are considered
in the analysis. The effect of natural convection during melting is
considered by invoking the Boussinesq approximation, which is va-
lid for the density variations of buoyancy force; otherwise, the ef-
fect is neglected. Density variation is defined as follows:

q ¼ ql=ðbðT � TlÞ þ 1Þ ð1Þ

where ql is the density of PCM at the melting temperature at Tl, and
b is the thermal expansion coefficient. Viscous incompressible flow
and temperature distribution are solved using the Navier–Stokes
and thermal energy equations, respectively. The continuity,
momentum, and thermal energy equations are respectively defined
as follows [33]:

Continuity:

@tðqÞ þ @iðquiÞ ¼ 0 ð2Þ

Momentum:

@tðquiÞ þ @jðquiujÞ ¼ l@ jjui � @ipþ qgi þ Si ð3Þ

The energy equation:

@tðqhÞ þ @tðqDHÞ þ @iðquihÞ ¼ @iðk@iTÞ ð4Þ

where q is the density of PCM (RT82), ui is the fluid velocity, l is the
dynamic viscosity, p is the pressure, g is the gravity acceleration, k is
the thermal conductivity, and h is the sensible enthalpy.

Sensible enthalpy can be expressed as follows:

h ¼ href þ
Z T

Tref

CpDT ð5Þ

Enthalpy H can be defined as follows:

H ¼ hþ DH ð6Þ

where href is the reference enthalpy at the reference temperature
Tref, and Cp is the specific heat. DH is the latent heat content that
changes between zero (solid) and L (liquid), which is the latent heat
ng and heating rate: 2 �C/min.
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Table 4
Reported of mean and standard uncertainty of the PCM thermal properties.

Melting process Solidification process

Onset point (�C) Peak point (�C) Heat of fusion (KJ/kg) Onset point (�C) Peak Point (�C) Heat of fusion (KJ/kg)

70.1275 ± 0.148172 82.17625 ± 0.047953 201.64375 ± 1.386656 81.86 ± 0.02828 78.158 ± 0.090358 207.807 ± 1.359165
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of the PCM. c is the liquid fraction that is generated during the
phase change between the solid and liquid state when the temper-
ature is Tl � T � Ts, which can be written as:

c ¼ DH=L ð7Þ

c ¼
0 if T � Ts

1 if T � Tl
ðT�TsÞ
ðTl�TsÞ if Tl � T � Ts

8><
>: ð8Þ

The source term Si in momentum equation, Eq. (3), is defined as:

Si ¼ Cð1� cÞ2 ui

c3 þ e
ð9Þ

where Cð1� cÞ2 ui
c3þe is the ‘‘porosity function’’ defined by Brent et al.

[34] that enables the momentum equations to ‘‘mimic’’ Carmane
Kozeny equations for flow in porous media. C is the constant reflec-
tion of the mushy zone morphology. C describes how steeply the
velocity is reduced to zero when the material solidifies. This con-
stant varies between 104 and 107 (105 is considered for this paper)
[35]. e is a small number (0.001) to prevent division by zero.
Fig. 5. Schematic diagram of the experimental apparatus which includes a triplex concen
solar collector (ETSC), charging storage tank with electric heater (CST), rotameter to meas
type K (T-K), and personal computer (PC).
2.3. Initial and boundary conditions

At the initial time, PCM was solid, and temperature was 27 �C. A
constant temperature of the tube wall represented the HTF tem-
perature [36,37] which was at approximately 90 �C. The boundary
conditions of the TTHX, finned tube, and internally finned tube
were varied and can be written as follows:

Inside heating method and finned tube:

at r ¼ ri ! T ¼ THTF ð10Þ

at r ¼ rm !
@T
@r
¼ 0 ð11Þ

Outside heating method and internally finned tube:

at r ¼ ri !
@T
@r
¼ 0 ð12Þ

at r ¼ rm ! T ¼ THTF ð13Þ

Heating both sides method:
tric tube’s heat exchanger (TTHX), hot-water circulation pumps (CP), evacuated tube
ure the flow rate (FM), manual shut off valve (MV), Data logger (DL), thermocouples
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at r ¼ ri ! T ¼ THTF ð14Þ
at r ¼ rm ! T ¼ THTF ð15Þ

Initial temperature for all models:

at t ¼ 0! T ¼ Tini ð16Þ
Fig. 7. Comparison of the experimental and numerical average temperature.
2.4. Numerical modeling

Modeling was conducted using FLUENT software based on the
enthalpy–porosity technique and the finite volume method as de-
scribed by Patankar [38]. In the enthalpy–porosity technique, the
melt interface is not tracked explicitly. The liquid fraction indicates
the fraction of the cell volume in liquid form and is a quantity asso-
ciated with each cell in the domain. This parameter is computed at
each iteration based on enthalpy balance. The mushy zone is a re-
gion where the liquid fraction lies between 0 and 1. This zone is
modeled as a ‘‘pseudo’’ porous medium where porosity decreases
from 1 to 0 as the material solidifies. When the material has fully
solidified in a cell, porosity becomes zero, thus resulting in the
drop of the velocity to zero. Details on the computational fluid
dynamics application in the latent heat thermal energy storage
can be found in Ref. [39].
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Fig. 6. Schematic diagram of the TTHX; (a) cross section of TTHX, (b) thermoco
Fluent 6.3.26, a commercially available computer program, was
used to establish the solidification and melting model for simulat-
ing the melting process of the PCM. Two dimensions (r and h) of the
TTHX are drawn and meshed in a geometric model. The mesh-gen-
eration software Gambit, which is part of the Fluent software pack-
age, helped define the boundary layers and zone types. The mesh
ouples locations Fin 

 mm 

mm

)

(c)
uples distributions in TTHX, and (c) radial interval in the radial direction.
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Fig. 8. Streamline, isothermal contour for the inside heating method.
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was then exported to Fluent. A half-section computational grid is
used to reduce the time required for simulation, as shown in
Fig. 3. Fluent software uses the finite volume method described
in [38], and employs the enthalpy–porosity formulation to solve
the mass, velocity, and energy equations.

The PRESTO scheme is used for the pressure correction equation
and the Semi-Implicit Pressure-Linked Equation algorithm was
used for pressure–velocity coupling. The under relaxation value
factors for pressure, velocity, energy, and liquid fraction are 0.3,
0.2, 1, and 0.9, respectively. The independence of the time steps
from the melt fraction was examined for the simulations at 1, 0.5
(selected), and 0.2 s. Three grid sizes at 17,956 (chosen), 22,004,
and 27,854 cells were investigated to validate the independence
of grid size from the numerical solution. Tables 2 and 3 present
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the liquid fractions for the three grid sizes and the time steps
tested for the numerical model. The liquid fraction relates to the
early, intermediate, and final stages of melting. A total of
Fig. 9. Streamline, isothermal contour
17,956 cells with a 0.5 s time step was used for our calculation to
achieve the predetermined convergence of the energy equation
(10�5) at 10�3 for the velocities.
for the outside heating method.



S. Mat et al. / Energy Conversion and Management 74 (2013) 223–236 231
3. Physical properties of the PCM and experimental apparatus
and procedure

3.1. Phase change materials

To test the thermal properties of RT82 (heat of fusion, melting
temperature, and solidification temperature), 20.29 mg of RT82
was used. Ten thermal cycling tests were repeated for the same
sample. The material was heated from 27 �C ambient temperature
to a maximum temperature of 120 �C at a heating rate of 2 �C/min.
The cooling process was performed by cooling the PCM from
120 �C to ambient temperature at a cooling rate of 2 �C/min. The la-
tent heat of fusion and melting temperature were measured using
differential scanning calorimetry (METTLER TOLEDO; Model DSC1).
Fig. 4 shows the relationship between temperature and heat flux of
the sample for the melting and solidification of the PCM. Table 4
shows the average results and standard uncertainty of the melting
and freezing temperatures of the material as well as the latent heat
of fusion during the melting and freezing processes.

3.2. Experimental apparatus and procedure

A triplex concentric tube latent heat thermal storage was fabri-
cated to validate the numerical model of the PCM melting process.
Fig. 10. Streamline, isothermal contour
Fig. 5 shows a schematic diagram of the experimental apparatus,
which includes TTHX, hot-water circulation pumps, evacuated
tube solar collector (ETSC), charging storage tank (CST) with elec-
tric heater, rotameter for measuring flow rate, and manual shut-
off valve. Fig. 6 shows the TTHX section comprising three horizon-
tally mounted concentric tubes with lengths of 500 mm and four
longitudinal fins (42 mm fin pitch, 480 mm length, and 1 mm
thick) welded onto each of the inner and middle tubes. The phys-
ical geometric parameters of the TTHX are given in the physical
model section. Inner tube was extended to approximately
300 mm from the entrance to ensure that the flow will be fully
developed. The data monitoring system comprised K-type thermo-
couples (measured at 0.5% accuracy), a data logger, and a personal
computer to measure the temperatures in the PCM thermal stor-
age. HTF flow rate was measured using a rotameter (measured at
5% accuracy). A total of 15 thermocouples were found fitted in
the radial direction and at different angular directions in the
PCM at 10 mm intervals. As shown in Fig. 6, the thermocouples
were located 100 mm from the entrance of the HTF tube in the
thermal storage. A 70 mm thick glass wool insulation was wrapped
around the TTHX to decrease heat loss and insulate the surface.

As shown in Fig. 5, the hot water used in the charging process
was delivered from a central heating station in the Green Technol-
ogy Park at the Solar Research Energy Institute, National University
for the heating both sides method.
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of Malaysia. This heating station was designed to deliver the hot
water required by various solar-thermal systems. The central heat-
ing station consists of 300 evacuated tube solar collectors with
three 200 L storage tanks. One storage tank was used for the cur-
rent application. The TTHX was filled with 5.6 kg PCM, and no leak-
age was observed. Charging started when the CST reached 90 �C.

3.3. Validation of the numerical model

To validate the numerical model, the melting model created
using Fluent 6.3.26 was compared with an experimental model.
The average temperature of the PCM was 27 �C when melting
started, whereas HTF temperature was 90 �C. HTF temperature
was maintained in the CST using an electrical heater and a thermo-
stat controller. The mass flow rate of the HTF was 8.3 l/min. The la-
tent heat of fusion was 176,000 J/kg whereas the melting range of
the PCM was between 70 �C and 82 �C, depended on the experi-
mental test. Fig. 7 shows the comparison of the average tempera-
ture vs. time of PCM, which was determined using the 15
thermocouples inserted in the PCM at the HTF tube entrance, with
that of the numerical model. The results of the present model cor-
responded with the experimental results.
Fig. 11. Melting fraction vs. time for the inside heating method, finned tube, and
TTHX with Internal fin.

Fig. 12. Melting fraction vs. time for the outside heating methods, internally finned
tube, and TTHX with external fin.

Fig. 13. Melting fraction vs. time for the TTHX with and without fins.
4. Results and discussion

4.1. Heating methods

Three heating methods were used to charge the TTHX without
fins. The inside heating approach is the most commonly used
method in TTHX applications, such as in [40]. Outside heating
methods were used in [31]. The heating of both sides method is
typically used in food processing, where TTHX is often employed.
The heating of both sides method is investigated in this study to
highlight the predicted enhancement of LHTES performance.

4.1.1. Inside heating method
Fig. 8 shows the contours of the streamlines, the left half of each

circle, and the colorized isotherm, the right half of each circle in the
inside heating method for different time periods (5, 60, 120, 180,
240, and 300 min). Heat transfer occurred between the hot wall
of the tube and the solid surface of the PCM by conduction which
dominated the melting process at the early stage and caused a thin
layer of liquid to form in the narrow melting area because of heat
transfer. Several convection cells were formed and subsequently
expanded to the upper part of the tube. The liquid fraction in-
creased in the upper part of the tube, whereas the rest of the
PCM remained solid without any phase change at the bottom of
the tube. Over time, cell convection emerged and facilitated the
formation of two large convection cells at 240 min. As shown in
Fig. 10, the hotter liquid of PCM was pushed upward to the top
of the tubes because of natural convection effects driven by buoy-
ancy. On the other hand, the solid part of the PCM was squeezed
down to the bottom of the tube because of heavier density. After
300 min of heating, the PCM did not melt, which indicates that this
method was slow and required more time than that predetermined
by our application.

4.1.2. Outside heating method
Fig. 9 shows the contours of the streamlines (left) and colorized

isotherm (right) of each circle of the outside heating method for
different time periods (5, 30, 60, 120, 180, and 230 min). Numerous
circulations formed at the bottom region of the annulus because of
the small melting area after 30 min. On the other hand, a large con-
vection cell formed in the upper part of the annulus. By the time
advancing the convection cells were combined in the bottom re-
gion to create a three cells and the convection cell was expanded
in the upper part of the annulus (60 min), the bottom cells were
emerged with the upper cell after 120 min. Complete melting
was achieved after 230 min, which was considered an improve-
ment over the inside heating method. This result is attributed to
the increase in the heat transfer surface, which became three times
larger than that in the inside heating method.
4.1.3. Heating both sides method
Fig. 10 illustrates the colorized isotherm line in the right-half

section and the streamline in the left-half section of the symmetry
circle. Several small convection cells were created on the upper re-
gion of the inside tube and at the bottom section of the outside
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tube. After 30 min, liquid was formed on the long tube circumfer-
ence of the outside tube, which generated a large convection cell
on the outside tube. Over time circulation cells in the upper region
of the inside tube emerged with the convection cell in the upper
zone of the outside tube. This result is attributed to the natural
convection created when liquid PCM was squeezed into this region
after 60 min of melting. Three convection cells were formed in the
upper part of the annulus. The convection cells in the annulus com-
bined, and significant natural convection accelerated the melting
TTHX with internal fin TTHX wi

Fig. 14. Streamline, isothermal contour for the TTHX with interna

Table 5
The melting time percentage for different fin length of the three enhancements methods

TTHX without fin TTHX with internal fin TTHX with ex
Fin length (mm) Fin length (m

10 20 30 42 10 2

100 81.2 66 55.3 48.2 70.5 5
process. A complete phase transition was observed after 110 min
of melting.

4.2. Fin embedded heat transfer enhancement

The application of fins embedded in the PCM is the basis of most
heat enhancement techniques because of its simplicity, easy fabri-
cation, and low construction cost [1]. The effects of fins welded to
the inside tube, middle tube, and both tubes on the PCM melting
TTHX with internal-external fin th external fin 

10 min 

30 min 

50 min 

l fin, TTHX with external fin, TTHX with internal–external fin.

(%).

ternal fin TTHX with internal–external fin
m) Fin length (mm)

0 30 42 10 20 30 42

3.5 47 46 73.9 60.8 47.8 43.4



Fig. 15. Effect of the fin length for the three enhancement methods in TTHX, (a) 10
mm, (b) 20 mm, (c) 30 mm, (d) 42 mm.
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process in the TTHX were investigated. Numerical results for the
enhancement techniques using three heating methods of the TTHX
without fin as well as with a normal finned tube and internally
finned tube were compared.

4.2.1. Internal fin heat transfer enhancement
Fig. 11 shows the melting fraction vs. time of melting for the in-

side heating method, finned tube which is used by numerous
researchers to enhance heat transfer for a double-pipe heat ex-
changer and for TTHX with an internal fin welded to the inner tube.
The melting fraction of the normal tube was observed to be slow.
After 300 min of melting, approximately 76% of the PCM was in
the solid state. Better enhancement was achieved by using the
finned tube. The melting process was accelerated after 90 min,
after which it slowed down because of un-melted specimen in
the annulus. Complete melting was difficult to achieve at the bot-
tom region of the annulus because natural convection transferred
most of the heat to the upper region. This behavior was also ob-
served in [23]. Complete melting was achieved using TTHX with
an internal fin welded to the inner tube. A significant effect was ob-
served on the heat transfer between the PCM and hot-wall tube,
because of which the whole PCM melted after 54 min.

4.2.2. External fin heat transfer enhancement
Fig. 12 illustrates the melting fraction vs. time of the external

heating methods, internally finned tube, and TTHX with external
fin. Complete melting was achieved after 230 min for the external
heating methods. Melting rate was enhanced by using the inter-
nally finned tube. Approximately 90% of the PCM melted after
60 min. Un-melted PCM on the inside tube took a longer time to
melt because convection circulation formed away from the bottom
side of the inside tube, as shown in Fig. 9 (180 min). Melting rate
significantly improved after using a TTHX with external fins
welded to the middle tube. The whole PCM in the annulus changed
to the liquid state after 52 min compared with the external heating
and internally finned tube methods.

4.2.3. Internal–external fin heat transfer enhancement
Fig. 13 shows the melting fraction vs. time for the TTHX with

and without fins. As predicted, complete melting for the PCM
was achieved using the two methods, which consumed approxi-
mately 110 min for the TTHX without fins because of the addi-
tional heat transfer surfaces when using this method compared
with the inside and outside methods. The melting process was en-
hanced by the addition of fins to the inner and middle tubes. The
whole PCM melted after 49 min.

4.3. Comparison of melting process of the three enhancements
techniques

Fig. 14 shows the streamline and temperature contours for the
TTHX with internal fin, TTHX with external fin, and TTHX with inter-
nal fin-external fin. The flow field comprises multiple convection
cells after 10 min of melting. Warm temperatures spread relatively
quickly through the inner, middle, and fin walls. Over time, melting
was affected by the natural convection established in the thermal
storage. Flow increased after 30 min of melting under the three tech-
niques. No differences among the three methods were found, except
that the melting rate of the internal–external fin was faster for a
42 mm fin length, as shown in Table 5. This result is attributed to
the effect of natural convection that hastened the melting process.

4.4. Fin length effect on the melting rate

Fig. 15a–d shows the effect of fin length on the melting process
of the three enhancement methods. The fin lengths investigated
were 10, 20, 30, and 42 mm. As shown in Fig. 15a–d, melting time
decreased as fin length increased. Significant enhancement in the
thermal performance of the storage was achieved by using the
three methods at any stage of melting. TTHX with external fin
achieved complete melting at a relatively earlier time for fin



Fig. 16. Stefan number effect to the melting time.
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lengths of 10, 20, and 30 mm followed by TTHX with internal–
external fin method. To distinguish between these three enhance-
ments methods, the percentages of melting time of the three meth-
ods with respect to the TTHX without fin are listed in Table 5.
Table 5 shows that the energy charge rate is enhanced by 43.4%
for a 42 mm fin length in the TTHX with internal–external fin
method.
4.5. Stefan number effect on melting rate

Fig. 16 shows the melting fraction vs. time for three Stefan
numbers: 0.034, 0.057, and 0.09 (temperature difference of 3, 5,
and 8 �C, respectively), which described the melting process in
the TTHX with internal–external fin. The Stefan number is defined
as follows:

Ste ¼ CplðT � TmÞ
L

ð17Þ

where Cpl is the specific heat of the liquid PCM, L is the latent heat
of PCM, and Tm is the melting temperature of PCM. The Stefan num-
ber shows the difference between the surface temperature and
melting temperature of the PCM related to the latent heat of fusion.
This difference affects the melting rate. As shown in Fig. 16, the Ste-
fan number affects the melting rate in that a larger Stefan number
causes a faster increase in the melting fraction and a lower melting
time.
5. Conclusion

The melting process for RT 82 used as a PCM in a TTHX was
studied numerically. Inside tube heating, outside tube heating,
and heating of both sides methods for charging the PCM were
investigated using the simulation program Fluent 6.3.26. Three
heat transfer enhancement methods, namely, TTHX with internal
fin, TTHX with external fin, and TTHX with internal–external fin,
were studied to improve the thermal performance of PCM thermal
storage. The results indicate no significant difference among the
three enhancement techniques in terms of the PCM melting rate.
Complete melting using internal–external fin with 42 mm fin
length was reduced to 43.3% compared with that of TTHX without
fin. The models were validated experimentally, and results were
found to correspond with experimental studies.
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