International Journal of Theoretical and Applied Mechanics
http://www.iaras.org/iaras/journals/ijtam

Ammar M. Abdulateef et al.

Melting Performance Enhancement of Triplex Tube Latent
Thermal Storage Using Fins-NanoPCM Technique
Ammar M. Abdulateef1,*, Sohif Mat1, Jasim Abdulateef2
1

Solar Energy Research Institute, University Kebangsaan Malaysia, Bangi, Selangor, Malaysia
Department of Mechanical Engineering, University of Diyala, 32001 Diyala, Iraq

2

*Corresponding Author Email: ammarukm@gmail.com
ABSTRACT
Latent heat thermal energy storage (LHTES) systems using phase change material (PCM) could have lower
heat transfer rates during charging/discharging processes due to its low inherence of the thermal
conductivity. In this study, heat transfer enhancement using internal longitudinal fins employing PCM first
and nanoPCM secondly in a large triplex tube heat exchanger (TTHX) was investigated by Fluent 15
software numerically. The results showed the thermal conductivity of pure PCM (0.2 W/m.K) could be
enhanced to 25% by dispersing 10% alumina (Al2O3) as a nanoparticle. However, the melting time is
reduced to 12% as compared with the PCM only therefore, a longitudinal fins-nanoPCM technique achieved
a complete PCM melting shortly (218 minutes). Consequently, the simulation results have been validated
and illustrated a good agreement with the PCM and nanoPCM experimentally.
Keywords: phase change material, triplex tube heat exchanger, melting time, longitudinal fins, nanoparticle
volume. Agyenim et al. [3] have been presented a
significant comparison for three experimental
configurations, a concentric tube system with no
fins and augmented with circular and longitudinal
fins. The system with longitudinal fins gave the
most performance with increasing thermal
response during charging and reduced subcooling in the melt during discharging. Further,
the melting performance enhancement of a small
scale TTHX used in LHTES system has received
a significant interest by [4, 5] where numerical
and experimental investigations have been made
using longitudinal fins technique only to improve
the melting time of simple PCM. It can be seen,
longitudinal fins are most common extended
surfaces have been considered in TES systems. In
addition, when a triplex tube heat exchanger
(TTHX) is used, the heat transfer area is also
extended to the PCM and thermal performance is
enhanced respect to cylinder or shell and tube
heat exchanger. On the other hand, the unloading
latent thermal storage, the solid-liquid interface
moves away from the heat transfer surface and
the heat flux decreases because of increasing the

1. Introduction
The major emphasis associated with most of the
solar devices application is the continuous power
generation during cloud transients and nondaylight hours. Thermal energy storage (TES)
systems especially the latent heat thermal energy
storage (LHTES) systems offer possibility to
store higher amounts of thermal energy in
comparison with sensible heat thermal energy
storage (SHTES) systems. However, most the
phase change materials (PCM) that used as
storage media in the LHTES systems suffers from
the low thermal conductivity (0.2 W/m.K), it
often leads to uncompleted melting/solidification
process and significant temperatures difference
within the PCM, which in some cases can cause a
material failure and system overheating.
Many researchers studied the different
kinds of heat exchangers used in the LHTES
systems with (PCM). Among these, concentric
cylinder, shell and tube, and triplex tube heat
exchanger (TTHX) [1, 2]. Most of these have
been proved a high efficient for minimum
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thermal resistance of the growing layer of the
molten/solidified medium. This effect could be
reduced by a technique of dispersing high thermal
conductivity nanoparticles. The PCM melting
dispersed with various volumetric concentrations
of alumina (Al2O3) that is heated from one side of
a square enclosure is investigated numerically
[6]. Wang et al. [7] improved thermal properties
of paraffin wax by the addition of (TiO2) as a
nanoparticle successfully without any surfactant.
The biggest challenge that is faced to
investigate for both of PCM and nanoPCM was a
large triplex tube heat exchanger (TTHX).
Therefore, the contribution in the heat transfer
rate between the PCM and the HTF are
augmented using internal longitudinal fins first
and dispersing a high conductivity material such
as alumina (Al2O3) secondly to be formed with
longitudinal fins as fins-nanoPCM technique to
produce the biggest demand thermal energy
stored that is required for application in air
conditioning systems.

Gambit 2.4.6 software. The grids size number of
the numerical model for internal longitudinal fins
was calculated to 56200 as illustrated in Fig. 2.
HTF
PCM
or
NanoPCM
HTF
38.1 mm

190.5 mm
250 mm

Fig. 1. Physical configurations of the TTHX-internal
longitudinal fins.

2. Numerical approach
2.1. Physical model
The physical configurations of the TTHX model
for two cases (1) pure PCM and (2) nanoPCM are
elucidated in Fig. 1. It consists of inner tube,
middle tube, and outer tube that have 38.1 mm,
190.5 mm, and 250 mm in radius and 3 mm
thickness, respectively with eight internal
longitudinal fins each one has 121 mm long and
2 mm thickness. The inner tube and middle tube
are made from copper and outer tube from steel.
The water is used as HTF to transfer the heat by
conviction to the walls and by conduction to the
PCM or nanoPCM. The heat transfer during the
PCM melting process is based on the both sides
heating method where the heat is supplied from
both inner and outer tubes during the charging
process. The minimum temperature has been
required to operate the PCM-LHTES system was
approximately 90 ℃.
The PCM melting numerical model is
solved using Ansys Fluent 15 software based on
the enthalpy-porosity technique and the finite
volume method [8]. The model is drawn and
meshed in a two dimensions( 𝑟, 𝜃) as well as
boundary layers and zone types are defined using
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Fig. 2. Distribution of the grids size number in the
middle tube of TTHX-internal longitudinal fin.

2.2. Governing equation
For the numerical analysis of the thermal process,
the following assumptions are made: (1) the
melting is Newtonian and incompressible; (2) the
flow in the melting process is laminar, unsteady
with negligible viscous dissipations; (3) the
thermo-physical properties of the HTF and PCM
are independent on the temperature; (4) the heat
transfer is both of conduction and of convection
controlled. The effect of natural convection
during the charging process is considered by
invoking the Boussinesq approximation that is
valid for the density variations of buoyancy force,
otherwise the effect is ignored. The density
variation is defined as follow:
𝜌 = 𝜌𝑙 ⁄(𝛽(𝑇 − 𝑇𝑙 ) + 1)
(1)
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where 𝜌𝑙 is the PCM density at the melting
temperature at 𝑇𝑙 and 𝛽 is the thermal expansion
coefficient. The temperature distribution and
viscous incompressible flow are solved by using
the Navier-Stokes and thermal energy equations,
respectively. The continuity, momentum, and
thermal energy equations as follows [9].
The continuity equation:
𝜕𝑡 (𝜌) + 𝜕𝑖 (𝜌𝑢𝑖 ) = 0
(2)
The momentum equation:
𝜕𝑡 (𝜌𝑢𝑖 )+ 𝜕𝑗 (𝜌𝑢𝑖 𝑢𝑗 ) = 𝜇𝜕𝑗𝑗 𝑢𝑖 − 𝜕𝑖 𝑝 + 𝜌𝑔𝑖 +
𝑆𝑖
(3)
The energy equation:
𝜕𝑡 (𝜌ℎ) + 𝜕𝑡 (𝜌∆𝐻) + 𝜕𝑖 (𝜌𝑢𝑖 ℎ) = 𝜕𝑖 (𝑘𝜕𝑖 𝑇) (4)
where 𝜌 is the density of the PCM, 𝑢𝑖 is the fluid
velocity, 𝜇 is the dynamic viscosity, 𝑝 is the
pressure, g is the gravity acceleration, 𝑘 is the
thermal conductivity and ℎ is a sensible enthalpy.
The sensible enthalpy equation:
𝑇
ℎ = ℎ𝑟𝑒𝑓 + ∫𝑇 𝐶𝑝∆𝑇
(5)

temperature of the tube wall represented the HTF
temperature [11, 12] that was at approximately
90 ℃.The boundary conditions as follows:
Both sides heating method:
at 𝑟 = 𝑟𝑖 → 𝑇 = 𝑇𝐻𝑇𝐹
(10)
at 𝑟 = 𝑟𝑚 → 𝑇 = 𝑇𝐻𝑇𝐹
(11)
Initial temperature of the model:
at 𝑡 = 0 → 𝑇 = 𝑇𝑖𝑛𝑖
(12)
In case of nanoPCM, we have considered
the same conservation equations, boundary, and
initial conditions mentioned above.

The total enthalpy H equation:
𝐻 = ℎ + ∆𝐻
(6)
where ℎ𝑟𝑒𝑓 is the reference enthalpy at the
reference temperature 𝑇𝑟𝑒𝑓 , 𝐶𝑝 is the specific
heat, ∆𝐻 is the latent heat content of thePCM that
changes between zero (solid) and L (liquid), 𝛾 is
the liquid fraction, which is generated during the
phase change between the solid and liquid state
when the temperature is 𝑇𝑙 > 𝑇 > 𝑇𝑠 , which can
be written as:
𝛾 = ∆𝐻/𝐿
(7)
𝛾=0
if 𝑇 < 𝑇𝑠
𝛾=1
if 𝑇 > 𝑇𝑙
𝑇−𝑇𝑠
𝛾 = 𝑇 −𝑇
if 𝑇𝑠 < 𝑇 < 𝑇𝑙
(8)

𝐶𝑝,𝑛𝑝𝑐𝑚 =

2.4. Thermophysical properties
Table 1 describes the thermo-physical properties
of materials are used [4], the thermophysical
properties of the nanoPCM are calculated [13]:
The density equation:
(13)
𝜌𝑛𝑝𝑐𝑚 = 𝜌𝑛𝑝 + (1 − )𝜌𝑝𝑐𝑚
The specific heat capacity equation:

𝑟𝑒𝑓

𝑙

𝐿𝑛𝑝𝑐𝑚 =

𝐾𝑛𝑝𝑐𝑚 =

(15)

𝜌𝑛𝑝𝑐𝑚

𝐾𝑛𝑝 +2𝐾𝑝𝑐𝑚 −2(𝐾𝑝𝑐𝑚 −𝐾𝑛𝑝 ) 
𝐾𝑛𝑝 +2𝐾𝑝𝑐𝑚 +2(𝐾𝑝𝑐𝑚 −𝐾𝑛𝑝 ) 
𝐵𝑇
𝑛𝑝 𝑑𝑛𝑝

5 × 104 𝛾𝑘  𝜌𝑝𝑐𝑚 𝐶𝑝,𝑝𝑐𝑚 √𝜌

𝐾𝑝𝑐𝑚 +
𝑓(𝑇, )

(17)
where B is the Boltzmann constant (1.381 ×
10−23 J/K) and 𝛾𝑘 = 8.4407(100)−1.07304 .
𝑓(𝑇, ) = (2.8217 × 10−2  + 3.917 ×
𝑇
10−3 ) 𝑇 + (−3.0669 × 10−2  − 3.91123 ×

is the "porosity function"

defined by Brent et al. [10]. C is a constant
describes how sharply the velocity is reduced to
zero when the material solidifies. This constant
varies between 104 and 107 (105 is considered),
and 𝜀 is a small (0.001) to prevent division by
zero.

𝑟𝑒𝑓

10−3 )
(18)
where Tref is the reference temperature = 273 K.
We have evaluated in the equation (17), the
effects of nanoparticle diameter (𝑑𝑛𝑝 = 20 nm),
nanoparticle volume fraction ( = 10%), and the
reference temperature (𝑇𝑟𝑒𝑓 = 237 K).

2.3. Boundary and initial conditions
At the initial time, the PCM was in a solid state
and the temperature reached to 27 o C. A constant
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(1−)(𝜌𝐿)𝑝𝑐𝑚

The dynamics viscosity of nanoPCM is
given by [14]:
(16)
𝜇𝑛𝑝𝑐𝑚 = 0.983𝑒 (12.959) 𝜇𝑝𝑐𝑚
The effective thermal conductivity of the
nanoPCM, which includes the effects of particle
size (𝑑𝑛𝑝 ), particle volume fraction (), and
temperature dependence as well as properties of
the base PCM. The particle subject to Brownian
motion is also given by [14]:

From equation (3) the source term 𝑆𝑖 is:
𝑢𝑖
𝑆𝑖 = 𝐶(1 − 𝛾)2 𝛾3 +𝜀
(9)
𝑢𝑖
𝛾 3 +𝜀

(14)

𝜌𝑛𝑝𝑐𝑚

The latent heat equation:

𝑠

where 𝐶(1 − 𝛾)2

 (𝜌𝐶𝑝)𝑛𝑝 +(1−)(𝜌𝐶𝑝)𝑝𝑐𝑚
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Table 1. Thermophysical properties of PCM, copper,
and alumina (Al2O3).
Density, solid, 𝜌𝑠 (Kg/m3)
Density, lquid, 𝜌𝑙 (Kg/m3)
Specific heat, Cpl , Cps (J/kgK)
Latent heat of fusion, L (J/kg)
Dynamic viscosity, µ (kg/m.s)
Melting temperature, Tm (K)
Thermal conductivity, K (W/m.K)
Thermal expansion coefficient,
(1/K)

PCM
(RT82)
950
770
2000
176000
0.03499
350.15358.15
0.2
0.001

Copper
8978
381
-

387.6
-

90

Al2O3

Temperature o C

Properties

100

3600
765
2345
36
-

80
70
60
NanoPCM Numerical
PCM Experimental
PCM Numerical

50
40
30
0

3. Experimental and validation

50

100

150

200

250

Time (min)
Fig. 4. Validation of an experimental and numerical
model

A schematic diagram of the LHTES system
apparatus is illustrated in Fig. 3. The middle tube
of TTHX is filled with 100 kg PCM first. The
present numerical model for PCM and nanoPCM
has been validated experimentally with PCM as
illustrate in Fig. 4. A comparison resulted was not
exceeded in percentage errors of 3% and showed
a good agreement with an experimental test for
two cases. Moreover, the average temperature of
the PCM was 27 ℃ when melting process started
and the HTF charging temperature by both sides
heating method [4] was 90 ℃ with an
experimental mass flow rate 37.5 L/min.

4. Results and discussion
4.1. Internal fins heat transfer enhancement
of PCM melting
The isothermal contours of the PCM in TTHX
with internal fins at different times (10, 60, 120,
and 247 min) are elucidated in Fig. 5. firstly, heat
transfer occurred between the hot wall of the tube
and solid surface of the PCM by conduction,
which dominated the melting process at the early
stage and caused a very thin layer of the liquid
that is surrounded the longitudinal fin surface and
hot wall of the tube while the rest of the PCM
remained solid without any phase change because
of the effects of natural convection were limited.
After 10 minutes, small convection cells are
formed between the fins wall and subsequently
expanded to the middle tube. Over time, cells
convection emerged and facilitated the formation
of the large convection cells at 60 minutes that are
expanded to the bottom part of tube at 120
minutes because heat transfers by fins. The full
PCM melting was accomplished at 247 minutes.

4.2. Nanoparticle dispersed enhancement
The thermo-physical properties of the nanoPCM
with various volumetric concentrations of the
alumina (Al2O3) are calculated using equations
(13-17). It is found that, the specific heat and
latent heat of the nanoPCM are lower than the
pure PCM whereas the thermal conductivity and
dynamic viscosity of the nanoPCM are higher
than the pure PCM, see Table 2. This variation in

Fig. 3. Schematic diagram of experimental apparatus of
LHTES system, which includes; 1. Evacuated tube solar
collectors (ETSC), 2. Flow meter, 3. Triplex tube heat
exchanger (TTHX), 4. Thermocouple J-type, 5. Sensor
(water), 6. Internal longitudinal fin, 7. Pressure vessel tank,
8. Pump, 9. Data acquisition, 10. Computer, 11. Water
storage tank, 12. Electrical heater, 13. Pipes, 14. Valve two
ways, 15. Valve three ways.
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the thermal conductivity and dynamic viscosity
agree well with the results that reported in [6].
Moreover, augmenting the alumina nanoparticle
(Al2O3) volume concentrations caused to reduce
the PCM melting time, see Fig. 6. Consequently,
the PCM with 10% alumina (Al2O3) is considered
for this present work.

10 min

4.2.1. Nanoparticle-internal fins technique
The isothermal contours of the fins-nanoPCM
technique in TTHX at different times (10, 60,
120, and 218 min) are shown in Fig. 7. A
significant reduction in time was observed by
dispersing 10% nanoparticle to the PCM when
the absorbed energy was stored to the required
load under the effects of both sides heating
method, which is augmented the conduction heat
transfer rate. Therefore, the full melting of the
PCM is completed at 218 minutes. Consequently,
the nanoparticle plays a significant role in the
melting rate enhancement where the thermal
conductivity of simple PCM (0.2 W/m.K) could
be enhanced to 25% significantly that is caused to
increase the conduction heat transfer.

60 min

120 min
247 min
Fig. 5. Isothermal contours of the PCM in TTHXlongitudinal fins.
10 min

60 min

Table 2. Variation of the thermal conductivity and
dynamic viscosity of nanoPCM.
Volumetric concentration
 (%)
Simple PCM
Nano-PCM (1% Al2O3 )
Nano-PCM (4% Al2O3)
Nano-PCM (7% Al2O3)
Nano-PCM (10% Al2O3 )

Thermal
conductivity
k (W/m.K)
0.2
0.206
0.225
0.245
0.265

Dynamic
viscosity µ
(kg/m.s)
0.03499
0.0121161
0.0485
0.084812
0.121161

120 min
218 min
Fig. 7. Isothermal contours of the fins-nanoPCM
technique.

1.2

Liquid fraction

1

4.3. Comparison of PCM melting time for
two cases

0.8
0.6
0.4

Figure 8 illustrates liquid fraction vs. melting
time for the PCM and nanoPCM in TTHXinternal longitudinal fins. As shown, the PCM
melting time is reduced using nanoPCM to 12%
as compared to the PCM only. The PCM melting
retardation was reduced because of augmenting
the thermal conductivity of PCM effectively.

10 % Al2O3
7 % Al2O3
0 % Al2O3

0.2
0
0

100

200

300

Time (min)
Fig. 6. Effect of the nanoparticle concentrations.
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Consequently, the model of fins-nanoPCM is
considered the most efficient technique to
achieve the PCM melting shortly (218 min).
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