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In this study, the energy charging mechanism is mathematically modeled to determine the impact of design modifications on the
thermofluidic behavior of a phase change material (PCM) filled in a triplex tube containment geometry. The surface area of the
middle tube, where the PCM is placed, is supported by single or multi-internal frustum tubes in vertical triplex tubes to increase
the performance of the heating and cooling of the system. In addition to the ordinary straight triplex tubes, three more scenarios
are considered: (1) changing the middle tube to the frustum tube, (2) changing the inner tube to the frustum tube, and (3)
changing both the internal and central tubes to the frustum tubes. The impact of adopting the tube designs and gap width
were studied. The outcomes reveal that the heat storage rates are increased for all frustum tube systems compared to the
straight tube system. According to the results, the case of a gap width of 5mm is the optimal one among the studied cases in
terms of the melting time and the heat storage rate. Employing the frustum tube configuration with a 5-mm gap width would
save the melting time by 25.6% and increase the rate of heat storage by 32.8% compared to the base case of straight tubes.

1. Introduction

Saving global energy resources requires efficient conversion
methods and consistent renewable energy sources [1, 2].
Almost 1/3 of the worldwide energy supply is wasted

because of ineffective energy conversion techniques, harm-
ing the environment [3, 4]. Some renewable energy sources
like wind, geothermal, and solar thermal energies suffer from
erratically power supply, which creates a significant imbal-
ance between the production and consumption of energy
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[5–7]. Thermal energy storage (TES) system is a promising
technique to cover the gap; for instance, a thermal storage
system can store energy from the sun throughout the day
and utilize it during the night or when the demand is high
[8–10]. TES is classified into three modes: sensible heat,
latent heat, and thermochemical storage. The primary pur-
pose of TES mechanisms is to lower the energy loss and
the cost to permit the manufacture of well cost-efficient
energy conversion units [11, 12]. Phase change materials
(PCMs) are considered one category of the most encourag-
ing materials to store and recover the thermal energy in
demand [13, 14].

Recently, the research interest regarding latent heat ther-
mal energy storage (LHTES) increased due to the high ther-
mal efficiency and low phase change temperature point;
however, the thermal conductivity of the PCM is generally
poor and inappropriate for many applications [15–17].
Accordingly, various techniques have been modelled to
improve the heat transfer efficiency of the PCM during the
charging and discharging methods [18]. These techniques
include a combination with the high conductive materials
(nanoparticles) [19–23], utilizing an extended surface area
for the heat transfer (fins) [21, 24–26], combinations with
the metal foam [27–31], and using more efficient geometries
designs [28, 32, 33]. Moreover, natural convection is a criti-
cal mechanism that can assist the phase change heat transfer
in molten regions. The magnetic field can influence natural
convection heat transfer in molten regions of a PCM [34]
and viscosity alteration [35].

Many investigations have been achieved to improve the
thermofluidic behavior during the PCM’s melting and solid-
ification processes, which saves the required time for these
operations [36, 37]. Various geometrical aspects have been
considered for the LHTES system regarding the design and
the shape of the heat transfer fluid (HTF), number of the
channels, their positions, and distributions [38]. Park et al.
[39] numerically studied the melting process of the PCM
in a multichannel HEX LHTES. The impact of the channel
number and design on the melting performance of the
PCM was investigated regarding thermal management, pro-
vided power, and charging period. They found that the melt-
ing rate increases by increasing the number of the channels
in the early stage, whereas the volumetric energy increases
by 18.2% using eight HTF channels compared to a single
large channel. Kousha et al. [40] experimentally examined
the influences of utilizing different numbers and locations
of the HTF channels on the phase change processes of the
PCM at various temperatures of the inlet HTF (water). They
found that the phase change time reduces using multi-HTF
channels compared with the case of a single channel. They
also found that increasing the inlet temperature to 80 °C
accelerates the charging and the discharging rate by 43%
and 50%, respectively. Talebizadehsardari et al. [41] studied
the effect of various designs and the number of HTF chan-
nels utilizing a serpentine tube. They found that the dischar-
ging time and the output temperature of the HTF in the case
of the serpentine tube were 6 hours and 56 °C compared with
the straight tube, which was 13.6 hours and 41 °C. Moham-
med [42] studied the discharge improvement of a phase

change material-air-based thermal energy storage unit for
space heating applications using metal foams in the air sides.
The results showed that the HTF flow rate has a great influ-
ence on the discharging rate. The presence of the porous
medium in the system improves the discharging process by
116% compared with a non-porous medium system at the
same flow rate.

Heat exchangers (HEX) significantly impact
manufacturing and engineering functions [43, 44]. Because
of limited energy sources and cost considerations, more
attention has been paid to improving the performance of
the HEX [45, 46]. Thus, there is a significant demand to
improve the thermal efficiency of the HEX, which managed
to be employing and emerging various enhancement
methods [47, 48]. The most common HEX utilized in the
factories is shell and tube heat exchanger (STHE). A stan-
dard STHE contains a cylindrical shell, including many
channels. Pourakabara and Darzi [49] performed a numeri-
cal model to predict the charging and discharging processes
using different numbers of HTF tubes in the cylindrical and
elliptical shapes of the shell embedded in the metal foam.
They found that the peaks of the charging and discharging
rates achieve 92% and 94%, respectively, when the porous
medium is used compared with the system of alone PCM.
Likely, Qaiser et al. [50] performed a numerical and experi-
mental study by applying multi-finned channels with vari-
ous designs of shell form (circular, elliptical, and
rectangular). The thermal rate improved by 34% and 24%,
and the charging rate was increased by 28% and 22% when
utilizing two-vertical channels and v-array triple-channel
design, respectively, in the circular shell of the LHTES sys-
tem as compared to those in the reference case. Yang et al.
[51] studied the Design of non-uniformly distributed annu-
lar fins for a shell-and-tube thermal energy storage unit.
They found that moving fins down effectively improves the
melting fraction of middle and bottom PCMs. Also, they
detected that an 84.7% improvement in melting uniformity
was achieved by a non-uniform design. Guo et al. [52] stud-
ied the compression effect of metal foam on melting phase
change in a shell-and-tube unit. Yang et al. [53] investigated
the effect of fin number on the melting phase change in a
horizontal finned shell-and-tube thermal energy storage
unit, and they found that the melting time can maximally
be saved as high as 72.85% by increasing fin number. Guo
et al. [54] examined the thermal assessment of a solid-
liquid energy storage tube packed with non-uniform angled
fins. In a different work, Guo et al. [55] studied the melting
assessment on the angled fin design for a novel latent heat
thermal energy storage tube, and they stated that the angled
fins with small angles (5°, 10°, and 15°) markedly reduced full
melting time for the TES unit. Eisapour et al. [56] optimized
the configuration of a double elliptical LHTES through the
charging process. They found that the efficiency of the sys-
tem increases as the gap between the inner channel and
the lower wall of the external channel reduces. The best place
was located when the internal channel is at the minimum
distance of the elliptical wall by 2mm. Ren et al. [57] inves-
tigated the efficiency of shell-and-tube PCM in TES. They
found that the spiral tube design and the double serpentine
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tube design mostly have an advantage over the single serpen-
tine tube design. The melting duration 95% of the PCM
decreased by 16% if the single serpentine design was
replaced to spiral (at the tube length of 4055mm). Further,
Patel et al. [58, 59] investigated the impact of the longitudi-
nal fin inside the triplex tube in two different studies, and
they found that each parameter related to the fins, including
the arrangement, length, width and the number, has a great
impact on the thermal performance of the heat storage unit.

Alnakeeb et al. [60] modeled the thermal parameters of
the charging process influenced by a single planed tube with
various inside eccentricities (0, 0.25, 0.5, and 0.75) and
aspect ratios (0.5, 0.6, 0.7, 0.8, 0.9, and 1). The highest charg-
ing rate was found at 218.5% for the circular tube (aspect
ratio of 1). Zheng et al. [61] examined the impact of internal
circular tube eccentricity and Rayleigh number (Re) on
phase change material melting and solidification heat trans-
fer. They found that the highest eccentricity in the internal
channel to the shell bottom did not necessarily offer the fast-
est melting rate. The best eccentricity was detected to have a
linear relation with Re. The growth in the eccentricity
increased the discharging rate just when the Re ratio (Re of
discharging divided by charging) was greater than 2.0.
Pahamli et al. [62] performed a numerical analysis to exam-
ine the impact of eccentricity, velocity, and inlet temperature
of heat transfer fluid (HTF) on PCM charging characteris-
tics. Raising the eccentricity from 0 to 0.75 increased the
charging rate by 64% and 27%, respectively; simultaneously,
the velocity had a minimal effect on the charging rate.
Faghani et al. [63] modelled the behavior of the PCM charg-
ing in a variety of internal and exterior channel configura-
tions, including vertical, horizontal, and circular ellipses.
The shell’s horizontal ellipse configuration and the channel’s
vertical ellipse demonstrated the maximum charging rate.
Faghani et al. [63] modeled the operation of PCM charging
by utilizing various designs of internal and external channels
(circular, horizontal, and vertical ellipses). The arrangement
of the horizontal ellipse form of the shell and the vertical
ellipse form of the channel showed the highest charging rate.
Gorzin et al. [64] conducted a model to examine the impact
of various multi-tube LHTES system formations and PCM
mass allocations on the discharging rate at different concen-
trations of nanoparticles. The appropriate allocation of PCM
volume increases the discharging rate by 62%, while increas-
ing the loading of the nanoparticles to 4wt% reduces the dis-
charging time by 15%.

The studies in the literature confirmed that the phase
change process of PCM in TES systems is highly influenced
by the number of HTF tubes and their geometries, which
influence the melting rate and the required duration to com-
plete one cycle. Therefore, a comprehensive investigation
has been performed, including studying the angle of the
PCM shell. Instead of three circular tubes, a combination
of cone and frustum tubes has been utilized in the TES,
which may improve the heat transfer in the system through
the melting process. Thus, the current study aims to achieve
the fastest melting rate and the best thermal performance at
the specific distance between the internal and external chan-
nels (middle tube hydraulic diameter). The simulation of the

melting processes in the different cases was achieved using
ANSYS-Fluent software. Eventually, to improve the perfor-
mance of the novel combination of cone and frustum tube
latent heat thermal energy storage, sensitivity analysis of
the solidification process could be achieved with the same
procedures as the melting process.

2. Problem Description

A vertical triplex tube is examined as a latent heat TES in
this study. The surface area of the middle tube, where the
PCM is placed, is supported by single or multi-internal frus-
tum tubes to increase the rate of heat transfer during the
melting process. In the heat exchanger, the inner and outer
tubes pass the heat transfer fluid (HTF), considered water
in this study. The HTF flows in the opposite direction in
both the internal and the external channels. The direction
of the flow is affecting on temperature differences. The max-
imum temperature is shown at the inlet section and the min-
imum at the outlet section. The temperature differences
directly affect the heat transfer by convection and conduc-
tion as well. The height of the tube is considered 250mm.
In the system with straight tubes, the hydraulic diameters
of the inner, middle, and outer tubes are considered
20mm, and the thickness of the inner and outer tubes is also
considered 1mm. It should be noted that the dimensions of
the base system are chosen based on the triplex tube latent
heat storage systems in the literature [65, 66]. In addition
to the ordinary straight triplex tubes shown in Figure 1(a),
there are three more scenarios considered in this study,
including changing the middle tube to a frustum tube
(Figure 1(b)), changing the inner tube to a frustum tube
(Figure 1(c)), and changing both the inner and middle tube
to frustum tubes (Figure 1(d)). In addition to the various
tube designs, different gap widths are assessed considering
the hydraulic diameters of 5, 10, and 15mm for the middle
tube at the bottom of the heat exchanger. The hydraulic
diameter of the middle tube at the top of the heat exchanger
is then determined considering a constant volume for the
PCM equal to the PCM volume in the straight triplex tube
heat exchanger. It should be noted that in scenario 2 (chang-
ing the inner tube to frustum tube), it is not possible to use
5mm as the hydraulic diameter of the pipe at the bottom
due to the slope of the frustum and dimensions of the
system.

Because of the nature of the heat transfer issue being
examined and the scarcity of circumferential flow difference,
the unit is regarded as axisymmetric, as seen in Figure 2. The
boundary conditions and directions of the HTF flow, and
gravity, are also illustrated in Figure 2.

Table 1 presents the width of the PCM channel at the
bottom of the heat exchanger for different proposed scenar-
ios. As mentioned, the widths of the PCM at the top and
HTF channels at the bottom and top are then determined
according to the volume of the PCM compared with the base
case (straight pipes).

Paraffin RT-35 is used as the PCM, whose thermophysi-
cal characteristics are listed in Table 2. The HTF’s input
temperature and flow Reynolds number are set to 50 °C
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and 1000, respectively, to determine the optimal design. The
PCM’s initial temperature is regarded to be 15 °C.

3. Mathematical Modeling

In order to simulate the phase change of PCM, the enthalpy-
porosity approach developed by Brent et al. [67, 68] was
implemented. In this method, the liquid part and the poros-
ity were presumed to be the same in all cells of the compu-
tational domain. To simplify the numerical solution of the
governing differential equations, the following assumptions
are considered as follows:

(i) Utilizing the Boussinesq approximation to control
the density and buoyant force.

(ii) The fluid flow of molten PCM is transient, laminar,
and incompressible.

(iii) Gravitation acceleration is positive in the – (Ve) y
-axis direction.

(iv) The Boussinesq approximation is applicable to con-
trol the density and buoyant force.

(v) Perfect insulations are considered at the external
boundaries.

(vi) The no velocity-slip condition is applied at the solid
boundaries.

For the HTF and the molten PCM, the continuity,
momentum, and energy are then defined as follows [8]:

∂ρ
∂t

+∇:ρV
!
= 0, ð1Þ

ρ
∂V
!

∂t
+ ρ V

!
:∇

� �
V
!
= −∇P + μ ∇2V

!� �
− ρβ T − Tref

� �
g! − S

!
,

ð2Þ

ρCp∂T
∂t

+∇ ρCpV
!
T

� �
= ∇ k∇Tð Þ − SL, ð3Þ

The factor ðSÞ!
in the momentum formula is involved to

measure the impact of phase change, which is identified as

(a) Base case: straight tubes with no tube geometry modification (b) Scenario 1: changing the middle tube to the frustum

(c) Scenario 2: changing the inner tube to the frustum (d) Scenario 3: changing both the inner and middle tube to the frustum

Figure 1: The schematic of the vertical triplex tube TES system with different tube geometry modifications.

Outlet

Outlet Inlet
(inner tube)
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Figure 2: A schematic of the studied triplex tube in axisymmetric
condition.
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the velocity inhibiting term in Darcy law [69] :

S
!
= Am

1 − λð Þ2
λ3 + 0:001

V
! ð4Þ

The parameter of the mushy zone Am is taken as 105 based
on the literature [68, 70]. To evaluate the phase transition
progression, λ (liquid part of PCM) is announced as follows
[71]:

λ =
ΔH
Lf

=

0 if T < TS

1 if T > TL

T − TS

TL − TS
if TS < T < TL

8>>>><
>>>>:

9>>>>=
>>>>;

ð5Þ

The Boussinesq approximation is used to calculate the
density variations because of the temperature variation
through the PCM’s phase change course. In this calculation,
mass density is treated as fix value, excluding in the gravity
term of the momentum formula, where density is observed
as a temperature-dependent variable [72]:

ρ = ρref 1 − β T − Tref

� �� � ð6Þ

In the above equation, the reference temperature is the
melting point (Tl +Ts/2), and the density is calculated at
the reference temperature which is the average density of
the PCM at the liquid and solid states. Then, the buoyancy
effect is calculated for the temperatures higher than the
melting temperature.

The source term SL in the energy formula is found as

SL =
ρ∂λLf

∂t
+ ρ∇ V

!
λLf

� �
: ð7Þ

The rate of energy stored through the charging progres-
sion is calculated as

_ET =
Eend − Eini

tm
, ð8Þ

where tm is the charging time and Ee and Ei are the whole
PCM’s energy at the start and the endpoints of the charging
progress. E is the total heat the sensible ðMCpdTÞ and latent
ðMLf Þ cases of the PCM.

4. Numerical Modeling, Grid Analysis,
and Validation

A combination of the SIMPLE algorithm for pressure-
velocity coupling and the Green-Gauss cell-based approach
was utilized within the ANSYS-FLUENT solver to assess
the heat transfer and fluid flow governing equations of
PCM through the phase transition progress. For the
momentum and energy equations, the QUICK differencing
technique was utilized with the PRESTO scheme for the
pressure correction equations. The under-relaxation factors
are adopted after careful selection as 0.3, 0.3, 0.5, and 1 for
pressure correction, velocity components, liquid fraction,
and energy equation, respectively. The convergence criteria
for terminating the iterative solution are set to be 10-4, 10-
4, and 10-6 for the continuity, momentum, and energy equa-
tions, respectively.

The mesh and the time step size independency tests are
performed. Accordingly, the various grid size of 28500,
43000, and 81620 are assessed utilizing the time step size
of 0.2 s for the straight triplex system. Table 3 presents the
melting time for various mesh densities. As illustrated, the
outcomes are almost the same for the cell numbers 43000
and 81620; the mesh size of 43000 is selected for the next
steps of this study. Table 3 also presents the melting time
for various sizes of time step sizes for the nominated cell
number. As demonstrated, the outcomes data are virtually
identical for the time step of 0.1, 0.2, and 0.4 s, especially
for the values 0.2 and 0.1 s. Thus, 0.2 s is selected as the time
step size in the current work.

To verify the appropriateness of the simulation model
describe above, the outcomes of Mat et al. [71] were utilized

Table 1: The dimensions of the PCM width at the bottom of the heat exchanger in various studied scenarios for various cases.

Base
case

Scenario 1 Scenario 2 Scenario 3

Case 0
δ = 20
mm

Case 1
δ = 5
mm

Case 2: δ = 10
mm

Case 3: δ = 15
mm

Case 4: δ = 10
mm

Case 5: δ = 15
mm

Case 6: δ = 5
mm

Case 7: δ = 10
mm

Case 8: δ = 15
mm

Table 2: Thermodynamic properties of the utilized PCM [35].

Properties
ρl

[kg/m3]
ρs [kg/m3]

Lf
[kJ/kg]

Cp [kJ/kg.K] K [W/m.K]
μ

[N.s/m2]
TL
[°C]

TS
[°C]

β
[J/K]

Values 770 860 170 2 0.2 0.023 36 29 0.0006

Table 3: Effect of grid size and time step size on the charging time.

Number of cells 28500 43000 81620

Time step size (s) 0.2 0.1 0.2 0.4 0.2

Melting time 4644 4733 4727 4701 4739

5Journal of Nanomaterials



as a benchmark since the designs analyzed in the two studies
are primarily the same. The system configuration investi-
gated in that work along with the boundary conditions and
governing equations was revised using the present simula-
tion model. The cited reference work examined the influence
of integrated fins attached to both the internal and external
tubes of the PCM shell at uniform wall-temperature condi-
tions. Two performance parameters were applied to evaluate
the validity of this model: the PCM’s thermal conduct and
the liquid fraction’s growth. Figure 3 illustrates the outcomes
of the validation case, which confirms that the numerical
and experimental data of Mat et al. [71] are close to the cur-
rent model estimates for both the liquid fraction and the
average temperature of PCM. A maximum percentage error
of less than 2% is reported in this validation test. Thus, the
current model can be adopted for examining the thermal
characteristics of the PCM-based triple-tube system with a
frustum tube.

5. Results and Discussion

A series of numerical simulation tests were conducted based
on the mathematical model formulated in the preceding sec-
tion to evaluate the tube geometry modification on the ther-
mal response of PCM contained in a triplex tube
containment design during the mode of the energy charging
(melting phase). The tube surface area, which is exposed to
the heating effect according to the target phase change
method, is enhanced by implementing a single internal frus-
tum tube in a vertical triplex tube system keeping the outer
shell unchanged. Frustum tube allows for a more compre-
hensive modification of the tube geometry over the heat-
transfer flow direction, making the approach relevant in
more design situations. Gap width, which denotes the radial
distance between the inner and middle tubes, was used as the
characteristic length of the PCM domain. Different gap
widths for the annulus holding the PCM between the middle
and inner tubes were investigated as the critical design

parameter to explore the benefits of the tube geometry vari-
ation along the heat-transfer flow direction. Three scenarios
were adopted to investigate the possible thermal response
improvement due to the tube geometry modification: Sce-
nario 1: changing the middle tube to a frustum tube; sce-
nario 2: changing the inner tube to a frustum tube; and
scenario 3: changing both the inner and middle tube to frus-
tum tubes. In each scenario, as indicated in Figure 1, there
are three cases with three different gap widths (δ = 5, 10,
and 15mm) except scenario 2 where only two gap widths
(δ = 10 and 15mm) were used. The effects of modifying
the tube geometry and gap width were evaluated by examin-
ing the contour lines and the profiles of liquid fraction and
average PCM temperature and the melting time and heat
storage/recovery rates.

5.1. Liquid-Fraction Evolution. Figure 4 illustrates the liquid-
fraction ∗∗evolution contours at four different periods of
melting (600, 1200, 2400, and 3600 s) for all scenarios, as
mentioned earlier. Heat conduction dominates the heat
transfer process initially for (t = 600 s). The melting fronts
marked in light green appear to be nearly parallel to the tube
walls, but there are no significant differences between all
cases throughout this period. As time proceeds to
(t = 1200 s), a role appears for natural convection, which
mainly accelerates the melting rate in the upper zones of
the PCM domain. This indicates that warm streams of liquid
PCM always tend to be settled at the top since the weight of
warm liquid PCM is less than the density of cold solid PCM.

Meanwhile, the melting front movement does not prog-
ress much at the bottom, as seen in all cases considered in
Figure 4. As time proceeds to (t = 2400 s), the melting fronts
show more uniformity in movement through the unsolidi-
fied layers of PCM. In contrast, liquid-fraction contours
show increasing shrinking in the blue zones, especially in
the upper parts. This is because natural convection predom-
inates the melting process over thermal conduction during
this period. This drives the melting fronts to show faster
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movement than in the preceding period. Through the last
period (t = 3600 s), even melting is terminated in the upper
parts of the domain in all cases; it ultimately terminated in
the whole domain only in case 1 (δ = 5mm) of scenario 1
and case 7 (δ = 10mm) of scenario 2. The reasons are as fol-
lows: (i) the heat exchanging area between HTF and PCM of
case 1 is bigger than that of other cases owing to its gap
width value (i.e., δ = 5mm), which is the smallest one used,
and (ii) the tilted heating wall from both sides in case 7 gives
the melted portions of PCM the potential to move faster and
better wash the not yet melted portions as the tilted heating
wall can provide a better buoyancy effect than a vertical

heating wall. Therefore, these findings suggest that applying
a smaller gap width leads to a higher tilt angle of the heating
walls, which provides a better potential for more vigorous
washing action at the melting fronts.

5.2. Velocity Field. Figure 5 provides a visual representation
of the velocity field for all cases within the three scenarios
considered for the tube geometry modification and over var-
ious melting periods (600, 1200, 2400, and 3600 s). Through
the early period (t ≤ 600 s), the major PCM domain experi-
enced no movement of liquid PCM as the major PCM has
not melted yet. Therefore, the velocity contours are almost
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Figure 4: Contours of the liquid-fraction evolution for the investigated tube geometries over various melting times.
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identical and marked by blue as a sign of zero velocities.
Though this scenario is thermally unstable, the mode of heat
transfer is soon altered to contribute from natural convec-
tion and conduction during the second period
(600 < t ≤ 1200 s). This period also witnesses the appearance
of velocity boundary layers adjacent to the heating walls.
However, the values of velocities remain relatively low
within the order of 1 × 10−1 mm/s. Furthermore, modifying
the tube geometry into frustum results in minor changes in
flow velocity over the aforementioned periods. As moving
to the next period, the convection movement becomes stron-
ger and more effective at higher portions of the annulus,

where the convection rotating part start to expand from
below, moving warm liquid to the upper part, while cold liq-
uid with relatively high densities remains trapped below,
allowing the melting rate to increase more rapidly in this
region. Also explained by this is the production of compar-
atively high velocities at the top of the domain, which pro-
gressively decreases as the rotating cell moves lower, as
shown in Figure 5 (t = 2400 s). The velocity field appears to
show faster movement as the blue color of the velocity field
turns red with relatively big rotating cells at the top half of
the domain during the final period (t = 3600 s). The modifi-
cation of tube geometry as that in case 1 helps the better

Scenario 1 Scenario 2 Scenario 3

Case 0 Case 1
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Case 2: 
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Case 3: 
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Case 5: 
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Figure 5: Contours of the velocity field for the investigated tube geometries over various melting times.
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movement of buoyancy-driven flow, which results in a fur-
ther increase in flow velocity over the final melting stages.
This is expected as the modification of tube geometry into
the frustum, especially in cases 1 and 7, helps the formation
of bigger rotating cells compared to other cases due to the
good role of natural convection, which empowers a substan-
tial propagation of melting as earlier indicated in discussing
the dynamic behavior of melting front movement.

5.3. Temperature Distribution. In Figure 6, the isotherm dis-
tribution contours for all cases in the discussion and over
different melting periods (600, 1200, 2400, and 3600 s) for

the studied scenarios of tube geometry modification are
given. During the initial stages (t = 600 and 1200 s), the
inhomogeneity of local natural convection across the differ-
ent parts of the PCM domain triggers the PCM temperature
to be higher at the bottom than the temperature at the top or
center of the PCM domain in all studied cases except case 1.
This implies that case 1 has a higher temperature gradient in
the gravity direction than other cases, which is advantageous
for developing natural convection during the later periods.
During the third period (t = 2400 s), the isotherms almost
have a similar appearance to each other, and some recircula-
tion cells started to appear near the center of the PCM
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Case 0 Case 1
𝛿 = 5mm

Case 2: 
𝛿 = 10mm

Case 3: 
𝛿 = 15mm
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Figure 6: Contours of the temperature distribution for the investigated tube geometries over various melting times.
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domain, especially in the upper half of the domain. This is
because the buoyancy effect which originates from the tem-
perature gradient in the vertical direction, outweighs the
gravity impact, and triggers the melted portions of PCM to
flow, resulting in the formation of recirculation cells. There-
fore, natural convection has a greater impact on the temper-
ature field than conduction does during this time. This
confirms that during this period, modifying the tube geom-
etry into frustum further enhances the heat transfer by nat-
ural convection between the liquid PCM and the HTF
during the melting mode. For frustum tubes, a bigger one
with smaller gap width such as that in case 1 helps faster
heat diffusion across the PCM domain so that the whole
PCM reaches the highest temperature in the range, marked
in red at t = 3600 s. This indicates that the strength of natural
convection further improves as the gap width between the
frustum tubes decreases.

5.4. Melting Behavior Profiles. As the best performing among
the eight cases of frustum tubes, case 1, which involves
Changing the middle tube to a frustum tube with the gap
width (δ = 5mm), is selected to compare the effect of
employing frustum tubes over the straight tubes on melting
behavior of PCM in a triplex tube storage system. The time
histories for liquid-fraction profile and average temperature
behavior for cases, case 0 (straight tubes) and case 1 (frus-
tum tube), are compared in Figures 7(a) and 7(b), respec-
tively. As seen in the figure, modifying the tube geometry
does not significantly improve the PCM liquid-fraction pro-
file or average temperature behavior at the early durations of
melting (i.e., for t ≤ 2400 s). However, as time advances, it
can be observed that employing frustum tubes in case 1 typ-
ically provides better heat transfer into the PCM due to the
larger heat-exchanging area with the HTF than in the base
(case 0). This allows the PCM in case 1 to terminate melting
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Figure 7: The time-wise variation of (a) liquid-fraction and (b) average temperature for the PCM melting for cases 0 and 1.
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within 3500 s of operation while case 0 needed about 5000 s
to complete melting. Moreover, the whole PCM in case 1
reaches the melting temperature (Tl = 49°C) in Figure 7(b)
faster than that in case 0 by about 600 s. The reason is that
the heat transport from HTF to the PCM during the early
periods via conduction is later stored as sensible heat in
the residual parts of PCM, leading to a rapid increase in
the PCM average temperature during the final periods. The
other reason is that the geometry of the frustum tube in case
1 enables a better dominating role of natural convection dur-
ing the final periods. It should be noted that natural convec-
tion in such a situation could serve as a further supply of
heat transport into PCM, helping the average temperature
of PCM to reach its maximum value in a shorter melting
duration in case 1. In fact, the higher the average tempera-
ture of PCM, the faster the melting rate and the better the
thermal storage process in the PCM-based energy storage
system.

5.5. Heat Storage Rates. Figures 8 and 9 show the values of
melting time and heat storage rate for each of the cases
under discussion. Data from Figure 8 indicates that the time
needed to melt the PCM completely is 4727, 3517, 4054,
4171, 3634, 3901, 3827, 3639, and 4023 seconds for cases 0,
1, 2, 3, 4, 5, 6, 7, and 8, respectively. By using case 0 as a ref-
erential case to compare with, the results reveal that the
melting time could be reduced by 25.6, 14.2, 11.8, 23.1,
17.5, 19.0, 23.0, and 14.9% for cases 1, 2, 3, 4, 5, 6, 7, and
8, respectively. Thus, altering the geometry of the triplex
tubes into frustum significantly improves the energy storage
process during the melting mode. As a result, all frustum
tube systems have shorter melting times than the straight
tube system. Furthermore, data from Figure 9 indicates that
the heat added to the PCM during the melting mode can be
stored at the rate of 35.66, 47.37, 41.39, 40.34, 45.99, 43.13,
43.39, 46.03, and 41.83 watts for cases 0, 1, 2, 3, 4, 5, 6, 7,
and 8, respectively. Therefore, when compared to case 0,
the heat storage rate could be increased by 32.8, 16.1, 13.1,

29.0, 21.0, 21.7, 29.1, and 17.3% for cases 1, 2, 3 4, 5, 6, 7,
and 8, respectively. As a result, heat storage rates are
increased for all frustum tube systems compared to straight
tube systems. To sum up, data from Figures 8 and 9 also
indicates that case 1 performs the best, reducing 25.6% of
melting time and increasing the heat storage rate by 32.8%.
This suggests that among the tested cases, changing the
geometry of the central tube to a frustum and employing a
smaller gap width (δ = 5mm) has the most potential for
improving the PCM thermal response during the melting
mode.

6. Conclusions

Numerical analyses of the melting process are performed to
evaluate the effects of the configuration modification on the
thermal response of the PCM contained in a triplex tube
storage system. The model is investigated in a three-
dimensional configuration via commercial software
(ANSYS-FLUENT). To enhance the heating and cooling
processes in the system, the surface area of the tube is treated
by single or multi-internal frustum tubes in vertical triplex
tubes, including the ordinary straight triplex tubes. There
are eight cases prepared in this work based on three scenar-
ios: scenario 1: changing the middle tube to a frustum tube;
scenario 2: changing the inner tube to a frustum tube; and
scenario 3: changing both the inner and middle tube to frus-
tum tubes. The cases were evaluated considering the charg-
ing duration and the heat storage rates. The main
conclusions can be summarized as follows:

(1) Heat storage rates for all frustum tube systems are
higher than those for straight tube systems. Because
of the small gap width of case 1, which makes the
surface area between heat transfer fluid and PCM
bigger than that of other cases, case 1 was found to
be the optimal case for the melting time-saving
potential and the overall heat storage rate
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Figure 9: The heat storage rate during melting mode for different tube configurations.
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(2) Using smaller values for the gap width between the
tubes currying the heat-transfer fluid (HTF)
increases the heat-exchanging areas between the
PCM and HTF in charge. Therefore, the frustum
tube configurations with smaller gap widths have a
better potential for enhancing the PCM thermal
response during the melting process

(3) In comparison to the straight tube configuration, the
total melting times could be saved by 25.6, 14.2, 11.8,
23.1, 17.5, 19.0, 23.0, and 14.9% for the studied cases
from 1 to 8, respectively. The results also indicate
that the heat storage rate for the same studied cases
could be raised by 32.8%, 16.1%, 13.1%, 29.0%,
21.0, 21.7, 29.1%, and 17.3%, respectively
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