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Abstract- A latent heat accumulator unit in the shape of a horizontal Shell-and-Tube (S-T) configuration with novel patented
branched Fins was numerically studied. First, the numerical results have been validated with available experimental data of a
horizontal S-T accumulator unit without fins. The results show agreement with experimental data. The numerical results are
based on a 2D simulation performed using ANSYS FLUENT software. The horizontal S-T accumulator unit is investigated in
two physical designs: (1) horizontal S-T accumulator with 6 longitudinal fins, and (2) horizontal S-T accumulator with novel
longitudinal branching fins. The paraffin wax is utilized as the phase change material (PCM). The selected PCM is used to fill
the annular space of the proposed accumulator unit. The temperature of the inner tube wall is kept constant to represent the
heat transfer fluid (HTF) temperature. Also, this temperature was set to 358 K (85 °C) during charging and 301 K (28 °C)
during the discharging. The thermal performance of the charging and discharging processes for two-physical designs was
explained. The numerical results show that the PCM takes about 110 minutes to be completely melted and 250 minutes to be
completely solidified for a horizontal S-T accumulator with 6 longitudinal fins. For horizontal S-T accumulator with novel
longitudinal branching fins, the PCM takes about 55 minutes to be completely melted and 80 minutes to be completely
solidified. The numerical results indicated that using novel branched longitudinal fins enhances heat transfer. Furthermore, it is
observed that the novel fins lead to a significant reduction in the solidification and the melting times by about 68 % and 50 %
respectively, in contrast with the ordinary longitudinal fins. The novelty of this paper is the investigation of new patented
branched fins for a PCM accumulator in both the melting and solidification scenarios. In contrast with the traditional
longitudinal fins, it is observed from the numerical results that the utilization of the novel patented branched fins always
improves the performance of the accumulator.

Keywords Accumulator; Thermal energy storage; Longitudinal Branched Fins; Melting time rate; Numerical study.

1. Introduction not available all the time, such as solar energy. Furthermore,
there are several forms to store energy, including chemical,

There is increasing research in improving renewable  thermal, electrical, and mechanical energy. Various

energy systems [1]-[12]. Researchers resort to developing
different techniques for storing energy in times of partial
load and times of its availability to improve its use later in
times of need, as some energy sources are less and others are

techniques are used to store thermal energy. Moreover, the
thermal energy could be stored in two forms, either latent
heat or sensible heat. This is done through materials for
storing thermal energy and divided into storage materials for
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sensible energy and materials for storing latent energy called
phase-changing materials. There are many of these materials
that are currently employed in several practical applications
like space, buildings, and several solar energy systems.[13]-
[18]. There are criteria for selecting these materials,
including that the melting temperature is compatible with the
required application and has large potential energy and other
known criteria. Mathematical methods can be used to choose
the appropriate materials for the application using the
Analytic hierarchy process (AHP) procedure [19]-[21].
Some applications require storage for large times and others
for short times. Most materials do not meet all standards and
have low thermal conductivity. Therefore, researchers resort
to using methods to increase heat transfer, such as fins,
nanomaterials, and other methods. Many researchers used the
shell and tube configuration for storing the thermal energy
using the phase change materials (PCM) [22]-[26]. Jawad et
al. [27] investigated the influence of adding paraffin wax
with the aluminium chip, and nano-SiC in improving the
performance of solar air heaters. Their findings indicated that
the implementation of the PCM with the aluminium chip,
and nano-SiC allowed for increasing the working time by at
least 3h after the sunset. Sulaiman et al. [28] found that an
increase of up to 60% in the photovoltaics thermal efficiency
can be achieved by implementing paraffin wax. Many
researchers investigated several types of fin configurations
such as annular and longitudinal. Chaichan et al. [29]
demonstrated that the use of hybrid paraffin (50% wax +
50% Vaseline) has a good potential in improving the
productivity of Photovoltaic thermal systems. Amer et al.
[30] studied the effects of implementing circumferential or
circular-type fins around the inner cylinder of a fluid flow.
The results have proven that there has been an enhancement
in the heat transfer associated with the addition of the fins
until it reached the optimum value, after which there was no
change, as the size of the fins was fixed. Tay et al. [31]
studied and validated three different models of thermal
storage systems. It has been noticed that the implementation
of fins is more favorable in heat transfer than using pinned
surface. Ravi et al. [32] investigated the behavior of heat
transfer in a circular tube configuration with PCM. They
utilized internal longitudinal fins. It has been concluded that
the height of the fins, the thermal conductivity of fins, and
Stefan number have a great influence on the Nusselt number.
Ismael et al. [33] presented a numerical model around a
vertical tube with axially aligned fins that is immersed in the
PCM during the solidification process. The numerical results
indicated that increasing the length, thickness, and number of
fins would lead to a significant reduction in the solidified
mass fraction as well as solidification time. Deng et al. [34]
proposed latent heat thermal-energy storage (LHTES). The
proposed unit utilizes a new fin shape that aims at improving
the heat transfer. Their results demonstrated that the value of
thermal conductivity of shell material has substantial
influence on the performance of fins heat transfer as well as
the PCM melting behaviors. The required complete melting
time of the PCM decreases when heat-transfer fluid
temperature increases. The proposed performance of LHTES
based on local double-fin would be significantly enhanced by
employing longer fins. Aly et al. [35] numerically
investigated the utilization of the longitudinal corrugated fins

that are installed to increment the PCM solidification rate.
Based on the simulation results, the solidification time has
been reduced by implementing the novel corrugated fins in
contrast with the straight fins. However, the straight fins are
generally found to have higher effectiveness. There is a
shortage of research that aims to improve the performance of
the bottom of the horizontal S-T accumulator unit while this
part takes more time for melting and solidification. So that
this research presented a novel patent accumulator unit using
branched fins [36]. The novelty of this paper is the
investigation of new patented branched fins for a PCM
accumulator in both the melting and solidification scenarios.
The objective of this paper is to investigate the effect of the
novel patented branched fines on the improvement of PCM
accumulator performance.

2. Numerical Methods

2.1.  Numerical model and procedure

The current simulations are carried out based on
Computational Fluid Dynamics (CFD).  Furthermore,
ANSYS FLUENT software has been utilized in 2D mode
using Reynolds-averaged Navier-Stokes equations, which is
also referred to as RANS equations. An S-T latent heat
accumulator unit is considered in a horizontal arrangement.
Due to the relatively high flow rate, there are not many
differences in the temperatures along the axial direction.
Therefore, only the cross-section plane of the accumulator is
considered in a 2D domain to reduce computational time. To
consider effects of heat transfer, the energy equation is
employed. The Boussinesq approximation was implemented
to define the fluid density. This approximation varies the
fluid density in the body force term while keeping it as a
invariant value for all the governing equations. Moreover, the
enthalpy-porosity formulation [37] is employed. This
formulation is implemented for modelling of the melting
process. The solidification and melting models are modeled
with the aid of the enthalpy-porosity method along with
finite-volume approach [38]. Also, the viscous dissipation
and the change in volume of PCM throughout the melting
process have been ignored. The detailed properties of the
considered PCM material are available in [30]. The pressure
staggering option (PRESTO) scheme has been implemented
in transient simulation for spatial discretization of pressure.
This is selected to provide more precise results by avoiding
the interpolation errors in the standard discretization
algorithm. The pressure-velocity coupling was based on the
coupled solver method. The second-order upwind scheme
has been implemented in order to account for the spatial
discretization of both the energy and momentum equations.
The selected numerical grid sizes are 9000 and 13000 for the
longitudinal fins and branched fins. The selected mesh
resolution is based on a recent mesh independency study
[30]. A time-step size of about 0.1 s has been implemented
based on a recent recommendation by Amer et al. [30].

In order to validate the numerical predictions, the
numerical results are emphasized against the available
experimental data provided by Hosseini et al. [39]. The
experimental data of the horizontal S-T accumulator unit are
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used for comparison with numerical results for validation as
shown in Fig. 1. Consequently, it is noticed that the
numerical prediction of the model shows a good agreement
in comparison with the available experimental data.
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Fig. 1 A comparison between the experimental data
presented by Hosseini et al. [39] for horizontal S-T
accumulator and the corresponding numerical predictions.

2.2.  The physical model with traditional and novel
longitudinal branched fins

The two-physical designs of the horizontal latent heat
accumulator unit are considered. The first is the S-T
accumulator with 6 longitudinal fins while the second is the
S-T accumulator with the novel longitudinal branched fins.
Fig. 2 shows a schematic diagram that represents the
horizontal S-T accumulator with 6 longitudinal fins. The
accumulator unit consists of two concentric tubes. The
central tube has an outer and inner diameter of 35 mm and 33
mm. In addition, the shell has an inner diameter of 128 mm.
Axial copper fins are employed on the outer surface of the
inner tube. Each fin has a thickness of 0.5 mm and a height
of 44 mm. The fins are equally distributed with an angle of
60°. Paraffin wax is used as a PCM to store the thermal
energy and is used to fill the annular space. In the outer tube,
the external surface is well-insulated. Fig. 3 shows a
schematic diagram of novel longitudinal branched fins. It
consists of 6 longitudinal fins with the same dimensions as
the previous diagram. Each fin includes 4 primary branched
fins with a height of 20mm and 0.5mm thickness and 8
secondary branched fins with a height of 10mm and 0.5mm
thickness

Fig. 2 The horizontal S-T with 6 longitudinal fins.

5. Branches of the 1st order
6. Branches of the 2nd order
7. Shell (cylinder)

Fins 8. Thermal insulation.

1. Heat Transfer Fluid
2. Inner pipe (tube)

3. Heat storage material
4.

Fig. 3 A schematic diagram of novel longitudinal branched
fins.

2.3. Initial and boundary conditions

The initial temperature of the utilized PCM, during the
melting simulations, is set to 30 °C (303 K). However, the
initial temperature is set to be 80 °C (353 K) during the
solidification process. In addition, the HTF temperature is set
to 85 °C (358 K) throughout the charging process while
being 28 °C (301 K) in the case of discharging. The HTF
temperature is represented by a constant temperature of the
inner tube wall as recommended in [40]-[41]. The outer
surface is associated with a wall boundary condition with
zero heat flux.

3. Results and discussion

3.1. Longitudinal Fins during Charging Process

The contours of the predicted melt fraction and
temperatures for the PCM in the accumulator unit for various
times are shown in Fig. 4 and Fig. 5 for the longitudinal fins
configuration. At starting, the heat from the inner hot tube is
transferred to the solidified PCM by means of conduction
before the PCM starts melting. This means that conduction
dominated the melting process throughout the early stage.
Accordingly, a relatively small portion of the melt paraffin
has been formed around the surface of longitudinal fin as
well as the hot wall of the inner tube of the accumulator. This
melted portion is formed mainly by means of the conduction
heat transfer mechanism only. The average liquid fraction is
found to be about 24.3 % after 10 minutes. In the vicinity of
fins, the solid paraffin is melted initially with a higher
melting rate in contrast with the melting rate of the paraffin
far from the fins. Owing to the influence of the natural
convection, the region of melted paraffin around the upper
fins is larger than the bottom fins.
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As the time elapses, more liquid films of molten paraffin
adjacent to the fin surface is formed during phase transition,
thus providing a growing space for local natural convection.
Then, heat transfer based on the buoyancy-induced natural
convection is considered as the predominant mechanism in
the melted PCM due to temperature differences. As evident,
the molten paraffin in the upper part has a higher melting rate
in contrast with the bottom part. This is owing to the local
improvement in the transfer of melting heat. For the first 50
minutes of the melting process, it can be observed that the
value of average liquid fraction is rapidly increased to about
86.8 %. The reasons are the high temperature of the liquid
PCM along with the predominant influence of natural
convection. After the rapid increase, there is a reduction in
the rate of increasing liquid fraction. This reduction is
occurring as the difference between the PCM and inner tube
temperatures decreases. The decrease in the temperature
differences is associated with a lower rate of heat transfer.
Additionally, the increase in the thickness of the low
conductivity melt PCM leads to an increment in the value of
thermal resistance that consequently affects the heat transfer
in the region between the surface of the hot inner tube and
the solid-liquid phase interface. The rest solid part of paraffin
13.2 % took about 60 min to be completely melted. The
PCM (paraffin wax) took almost 110 minutes (1.83 hours) to
be completely melted.

3.2.  The Longitudinal Fins during Discharging Process

The contours of the predicted solidification fraction and
temperatures for the PCM in the accumulator unit for various
times are shown in Fig. 6 and Fig. 7. At the beginning of
discharging, the heat is transferred to the adjacent inner cold
wall of the tube from the nearby liquid PCM by the
conduction mechanism. The conduction mechanism is found
to be predominant during the solidification process due to the
rapid decline in the PCM temperature. This is owing to the
relatively rapid reduction in the PCM temperature that
reaches the PCM solidified temperature. As a result, in the
vicinity of the longitudinal fins and the relatively cold wall
of the inner tube, a small portion of solidified paraffin is
formed by conduction. It can be therefore observed that the
average solidified fraction is about 19.05 % after 10 minutes.
Initially, the solidification rate of the liquid paraffin near the
fins is higher in contrast with the solidification rate far from
the fines. The solidified paraffin around the bottom fins is
larger than the upper fins owing to the reduction in the
natural convection. The natural convection assists in the
upward movement inside the liquid PCM in addition to the
downward motion of the solidified PCM in the beginning
solidification process until 10 minutes.

With time elapsed, more solidified paraffin is formed
during phase transition. In the first 50 minutes during
solidification, the solidified fraction is found to increase with
time to about 54.3 %. As the solidified fraction increases,
the temperature of the solidified part of paraffin is reduced to
wall temperature. As the time elapses, the rate of increase in
the solid fraction is apparently reduced due to the
temperature difference between the inner tube cold wall the
and the adjacent PCM is reduced. The reduction in

temperature differences leads to a reduction in heat transfer.
After 100 minutes, the average solidified fraction reaches
about 75.2 %. The rest part of the paraffin, i.e., 24.8 %, took
about 150 min to be completely solidified. The PCM
(paraffin wax) takes about 250 minutes (4.16 hours) to be
completely solidified.
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Fig. 4 Melt fraction contour of longitudinal fins.
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Fig. 5 Temperatures contour of longitudinal fins during
melting during the melting process.
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Fig. 6 Melt fraction contour of longitudinal fins during the
solidification process.
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3.3.  The novel branched longitudinal fins during the
Charging Process

The contours of temperature and melt fraction of PCM
in the considered accumulator unit that employs the novel
branched fins are shown in Fig. 8 and Fig 9 at different
times. At starting, the heat is transferred by conduction
between the hot surface of the inner tube and the adjacent
solid PCM before the melting process of PCM starts. The
conduction heat transfer mechanism is found to predominate
the melting process during its early stage. Consequently, a
relatively small portion of melt paraffin is formed in the
region around the branched longitudinal fins as well as the
hot wall of the tube. Moreover, the temperature in the molten
region is increased as the energy is absorbed as sensible heat.
The average liquid fraction is found to be about 29.6 % after
10 minutes. The rate of melting is higher in the adjacent
regions around the proposed branched fins in contrast with
the rate of melting far from the fins. The melted paraffin
around the upper branched fins is greater than the bottom fins
owing to the natural convection effects.

f
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150MIN

180MIN 250MIN
Fig. 7 Temperatures contour of longitudinal fins during the
solidification process.

As the time elapses, more molten PCM adjacent to the
fin surface is formed during phase transition, thus providing
a growing space for local natural convection and then the
buoyancy-induced natural convection is observed to
predominate the heat transfer process in the melted PCM due
to the temperature differences. It is observed that, in the
upper part, the molten PCM has a higher melting rate than in
the bottom part. The reason is that each of the conduction
and the convection heat transfer is enhanced. As the time
elapses, it is found that the liquid fraction increases in all
directions across the accumulator tube.

In the first 40 minutes, the average value of the liquid
fraction is rapidly increased to a value of 96.3 %. Then,
there is a considerable reduction in the rate of change of the
liquid fraction and this is associated with the lower
temperature differences between hot inner tube wall and
adjacent PCM. The reduction in temperature differences

leads to a reduced rate of heat transfer. Furthermore, the
increase in the thickness of the melt PCM leads to an
increase in the thermal resistance. This significantly affects
the rate of heat transfer in the region between the solid-liquid
phase interface and the surface of hot inner tube. Using the
branched fins, the total time required for reaching a complete
melting state is about 55 minutes.

40MIN

50MIN 55MIN

Fig 8 Melt fraction contour of longitudinal fins with
branches fins during melting process.
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Fig. 9 Temperatures contour of longitudinal fins with
branches fins during the melting process.

3.4. Discharging  Process for Novel Branched

Longitudinal Fins

The contours of the temperature and the solidified
fraction in the proposed unit with the novel branched fins are
shown in Fig. 10 and Fig. 11 at different times. At starting
discharging, a region of solidified PCM has been formed in
the area around the adjacent cold wall of fins and inner tube.
The heat transfer occurs between the PCM and the HTF by
thermal conduction mechanism. The reason is the
considerable fast reduction in the PCM temperature that
reaches solidification temperature of PCM. As a result, a
large portion of solidified paraffin is formed in the region
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around the surface of the branched longitudinal fins and the
cold tube wall due to the heat transfer taking place by means
of conduction. Therefore, it is observed that the average
solidified fraction was about 54.4 % after 10 minutes. At the
beginning of the solidification process, it is found that the
liguid PCM adjacent to the fin surfaces is solidified with a
higher rate of solidification in contrast with the rate of
solidification far from the fin surfaces. It is concluded that
the branched longitudinal fins enhanced heat transfer rate and
hence increased the rate of solidification.

With time elapsed, a larger region of solidified paraffin
is developed through phase transition. After 30 minutes, the
average solidified fraction reaches about 96.5 %. Then, it is
observed that, the rate at which the solidified fraction
increases, is reduced. The reason is that the differences in
temperature between the cold inner tube wall and the PCM
are reduced. This reduction in the differences of temperature
leads to reducing the rate of heat transfer becomes slowly. In
addition, the thick solidified layer increases the thermal
resistance within the PCM. However, the rest part of the
paraffin 3.5 % took about 50 min to be completely solidified.
The PCM (paraffin wax) takes about 80 minutes (1.33 hours)
to be completely solidified.

3.5.  Comparison between longitudinal fins and novel
branched longitudinal fins during the melting process

The comparison between the contours of melt fraction
and temperature the PCM in accumulator unit with
longitudinal fins as well as novel branched longitudinal fins
are illustrated in Fig. 12, Fig. 13, and Fig. 14 at different
times throughout the melting process. The average liquid
fraction is observed to be about 24.3 % and 29.6 % after 10
minutes for longitudinal fins and novel branched longitudinal
fins, respectively. It is concluded that the branched fins have
a good potential in increasing the average liquid fraction in
the first 10 minutes. In the temperature contours, the
temperatures of paraffin for novel branched longitudinal is
higher than longitudinal fins. After 20 minutes, the effect of
branched fins becomes high where the average liquid fraction
reaches 66.3 % while the average liquid fraction of
longitudinal fins reaches 45.9 %. After 40 minutes, the upper
part of paraffin is completely melted in novel branched
longitudinal fins and the small part rest of the solid paraffin
remains at the bottom between the regions of branched
longitudinal fins. In the longitudinal fins, the small part rest
of solid paraffin remains in the middle close to the outer tube
and the bigger part remains in the bottom. About 55 minutes
is required for the Paraffin wax to be completely melted in
novel branched longitudinal fins while it takes about 110 min
in traditional longitudinal fins. The numerical predictions
indicated that the utilization of the novel branched
longitudinal fins enhances the heat transfer and hence can
assist in reducing the melting time by about 50 % compared
to longitudinal fins. This is a much greater improvement in
contrast with the previous results in the literature [14]-[26].
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Fig 10 Melt fraction contour of longitudinal fins with
branches fins during the solidification process.
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Fig 11 Temperatures contour of longitudinal fins with
branches fins during the solidification process.
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Fig. 12 Melt fraction contour of longitudinal fins and
longitudinal fins with branches fins during the melting

process.
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Fig. 13 Temperatures contour of longitudinal fins and
longitudinal fins with branches fins during the melting
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Fig. 14 The effect of two configurations of fin on the
formation of the liquid fraction of the paraffin wax during the
melting process.

3.6.  Comparison between longitudinal fins and novel
branched longitudinal fins throughout the solidification
process

A comparison between the solidified fraction and the
temperature contours of the PCM in the accumulator unit
considering the longitudinal fins and novel branched fins
during solidification process is depicted in Fig. 15 and Fig.
16 at different times. Furthermore, Fig. 17 shows a
comparison between the average solidified fraction over time
for the longitudinal fins and novel branched fins.

A rapid reduction in temperatures of paraffin due to loss
of sensible heat in both of configurations is observed. It is
noted that the average solidified fraction was about 19.05 %
and 39.6 % after 10 minutes for longitudinal fins and novel
branched longitudinal fins. The implementation of branched

fins results in an increment of the rate of heat transfer by
conduction and hence remarkably increase the solidified
fraction in the first 10 minutes. In the temperature contours,
the temperatures of paraffin for novel branched longitudinal
is lower than longitudinal fins. After 30 minutes, the
solidified fraction reaches to 79.03 % while the solidified
fraction of longitudinal fins reaches 41.14 %.

After 50 minutes, the largest part of paraffin is solidified
in novel branched longitudinal fins where the solidified
fraction reaches to 93.3 % and small part rest of the paraffin
remains between the regions of branched longitudinal fins. In
the longitudinal fins, a large part of paraffin remains
unsolidified in the region between the fins where the
solidified fraction reaches 54.3 %. Paraffin wax takes about
80 minutes to be completely solidified in novel branched
longitudinal fins while it takes about 250 min in longitudinal
fins. In addition, the results referred that the use of the novel
branched longitudinal fins is enhancing the predicted heat
transfer rate and hence reducing the solidification time of the
PCM by almost 68 % compared to longitudinal fins.

@#

60MIN 70 MIN SOMIN

solidificatior.

Fig. 15 Melt fraction contour of longitudinal fins and
longitudinal fins with branches fins during the solidification

process.

ﬁmgtsﬂﬂ‘eﬁ%

Fig. 16 Temperatures contour of longitudinal fins and
longitudinal fins with branches fins during the solidification
process.
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Fig. 17 The effect of two configurations of fin on the
formation of the solidified fraction of paraffin wax during the
discharging process.

4. Conclusion

The thermal performance of PCM throughout both the
melting and solidification processes within a horizontal S-T
accumulator employing a novel branched fins is numerically
studied. Two physical designs of the horizontal S-T
accumulator unit are investigated: (1) horizontal S-T
accumulator with 6 longitudinal fins, and (2) horizontal S-T
accumulator with new longitudinal branching fins.
Simulations have been performed to investigate the influence
of the suggested branched fins on both the complete melting
and the solidification time inside the horizontal S-T
accumulator unit. The transient behavior of the melting and
solidification of the PCM in the two physical designs was
investigated. Numerical results obtained in this study were
validated against the available published experimental
results. The comparison between the two-physical designs of
the latent heat accumulator unit was numerically studied
during the melting as well as the solidification process.
Furthermore, the numerical results indicated that, by utilizing
the novel branched longitudinal fins, the heat transfer process
by means of conduction combined with natural convection
are enhanced. Therefore, the melting time and the
solidification time are found to be reduced by almost 50 %
and 68 %, respectively compared to longitudinal fins. Based
on the demonstrated improvements in the accumulator
performance, the experimental investigation of the
accumulator with the proposed branched fins s
recommended for future works.
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