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Abstract. Researchers have made many efforts to store energy in forms that can be turned into required forms.
Energy storage minimises the gap between supply and demand for energy while increasing energy systems’
effectiveness and dependability. Latent heat storage (LHS) can be used to store energy efficiently. This article
explores the numerical analysis of the solidification procedure for latent heat thermal energy storage (LHTES) in a
triplex chamber. TiO2–Al2O3 nanoparticles were used as hybrid nanoparticles and water was used as a phase change
material (PCM). FlexPDE, a general-purpose scripted finite-element software, was used to discretise and solve the
partial differential governing equations. The study investigated the impact of various factors on the contour of solid
fraction, temperature distribution, average temperature, solid fraction diagram and the overall energy of the system.
These factors encompassed the volume fraction of nanoparticles, the presence of fins, thermal radiation and the
shape factor of nanoparticles. Moreover, the optimal values for the full solidification time (FST) were established
using the response surface methodology (RSM). The findings indicate that full solidification time is optimised when
the hybrid nanoparticle volume fraction is 0.048, thermal radiation is 0.777 and shape factor is 15.29.

Keywords. Phase change material; solidification time; triplex latent heat thermal energy storage; hybrid
nanoparticles; thermal radiation.
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1. Introduction

Thermal energy storage systems contribute highly in
improving energy efficiency and enhancing energy sys-
tems’ reliability while also helping balance the energy
supply and demand. Zhao et al [1] assessed the melt-
ing and freezing phase change process by conducting
some experiments. They used RT58 paraffin and metal
waxes as phase change material (PCM) to enhance
heat transfer. The test samples were heated electrically
at a low level under constant flux conditions during
the melting process. According to these researchers,
adding metallic foam gives a 3–10 fold increase in
the overall heat transfer coefficient. Rostamizadeh et al
[2] employed an enthalpy-based mathematical model
to examine how the thickness of the PCM impacts

the temperature distribution and melting ratio. Results
showed a linear relationship between the melting time
and the PCM thickness. Thinner layers were found
to improve the performance. Moradi et al [3] exam-
ined a solar air heater utilising paraffin as the phase
changer. PCM under the absorber plate can enhance
the system’s thermal efficiency by generating one-
third of the total thermal energy during the melting
procedure. Also, the thermal performance of two dif-
ferent PCMs used in concrete walls was assessed by
Saikia et al [4]. In this research, different geographi-
cal directions for the walls were also investigated. Zinc
nitrate as a PCM showed improved thermal performance
regarding its extended latent heating duration, result-
ing in reduced temperature fluctuations in all directions
analysed.
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In another study, the melting process between two
oval cylinders was investigated numerically by Faghani
et al [5]. In this research, the shapes of the shell and tube
were considered circular or oval, nine different geome-
tries were investigated and commercial material RT 25
was used as the PCM. Lin et al [6] conducted a labora-
tory investigation on an innovative latent heat thermal
energy storage (LHTES). The analysis results revealed
that the system released 6.3 MJ of energy at 4 kW and
achieved a heat transfer coefficient of 25–70 W/K for
flow rates of 100–500 l/h, demonstrating its potential
for efficient thermal energy storage and transfer.

Moreover, fins can be utilised to enhance heat transfer
in PCM systems regarding these conductive heat trans-
fer coefficient. Sciacovelli et al [7] suggested the use
of tree-shaped fins to improve the tube LHTES and
shell performance. They concluded that the optimum
design of the fin is based on the operating time of the
LHTES. Joybari et al [8] conducted a numerical study
on the effects of using wide surfaces (longitudinal fins)
on the material’s melting and freezing process in the
donor’s phase alterations in a triplex heat exchanger.
They concluded that a configuration with three hot tubes
and a cold tube fin is compatible with natural convec-
tion heat transfer and has the best system performance.
Liu et al [9] suggested a longitudinal triangular fin to
improve heat transfer characteristics in a shell and tube
LHTES device. Patel and Rathod [10] studied the freez-
ing and melting procedure of the PCM numerically in
a three-wall chamber for LHTES. The results showed
that internal and combined vanes are equally effective
during the melting process as they reduce 60% of the
melting time. Kirincic et al [11] investigated the charge
and discharge processes in an LHTES device. They
found reductions of 52% and 43% in total melting time
and total solidification time, respectively, in the system
equipped with longitudinal fins compared to the plain
tube configuration. In addition, Shafiq et al [12] stud-
ied the impact of various fin geometries numerically on
enhancing the performance of a double-walled rectan-
gular thermal energy storage unit. Yang et al [13] offered
a creative method to design thermal energy storage by
adding combined metal foam and fins to PCMs.

Thermal conductivity is a key feature in the thermal
performance of the working fluid. Nanoparticles possess
high conductivity coefficient compared to regular fluids,
making them a significant characteristic of these mate-
rials. Hosseinizadeh et al [14] utilised a nanoenhanced
PCM (NEPCM) in a spherical chamber to enhance heat
transfer. The results revealed a reduction in the complete
solidification time of the PCM-containing nanoparticles
by increasing the volume fraction.

Furthermore, Wu et al [15] assessed the melting
and solidification procedure of the PCM-containing

Figure 1. Views in two and three dimensions, as well as the
study’s boundary conditions.

nanoparticles. Based on the results, the maximum
increase in thermal conductivity (18.1% in the liq-
uid state and >14.2% in the solid state) occurs in
copper/paraffin 2 wt.%. Sheikholeslami and Ghasemi
[16] investigated the solidification process of PCM-
containing nanoparticles by analysing the unsteady heat
transfer under thermal radiation. They used water as
the phase changer and copper oxide as nanoparticles.
Khan et al [17] conducted a numerical study of the per-
formance of a shell-and-tube heat exchanger, including
PCMs and nanoparticles. According to their results, an
increase in the volume concentration of nanoparticles
leads to significant improvements in melting and solid-
ification rates, conductive heat transfer and maximum
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Table 1. The physical properties of water as PCM, hybrid
nanoparticles and fin [28–30].

Property PCM Al2O3 TiO2 Fin

ρ (kg/m3) 997 (Liquid phase) 3970 4250 8960
916 (Solid phase)

Cp (J/kg K) 4184 (Liquid phase) 765 686.2 385
2030 (Solid phase)

k (w/mK) 0.6 (Liquid phase) 25 18 400
2.22 (Solid phase)

L f (J/kg) 335,000 – – –

Figure 2. Analysis of grid independency.

heat flux. Yadav et al [18] observed the enhanced per-
formance of a solar thermal storage system via PCMs
containing nanoparticles. Zadeh et al [19] conducted a
numerical study on the heat transfer increment of a ther-
mal energy storage system with latent heat by adding
metal foam and nanoparticles. Also, they integrated
Cu/GO nanoparticles and copper foam to enhance heat
transfer properties. They found that using GO nano-
particles results in more favourable heat transfer prop-
erties than Cu nanoparticles (see [20–27] for more
information on the effects of nanoparticles on heat trans-
fer enhancement).

The present research delved into the influence of
hybrid nanoparticles, the shape factor, extended sur-
faces and thermal radiation parameters on expediting
PCM solidification within the triplex LHTES chamber.
The objective of this study was to evaluate the impact
of diminishing solidification time and augmenting dis-
charged energy on the solidification process within the
latent energy storage of a triplex chamber.

Figure 3. View of grid quality.

2. Problem statement, numerical method and
validation

Figure 1 presents the two-dimensional schematic of the
geometry investigated for the LHTES system in this
research. As can be seen, the chamber is designed such
that the cooling fluid flows through both the central and
outer layers to ensure effective cooling. In addition, the
layer with HNEPCM is situated between the inner and
outer layers, where the cooling fluid flows. The PCM
temperature in the HNEPCM layer is maintained at 278
K, while the cooling fluid temperature is set at 240
K. TiO2–Al2O3 hybrid nanoparticles and water (as the
PCM) were used to enhance the speed of solidification
inside the chamber. The thermophysical features of the
fin, the HNEPCM and the PCM are provided in table 1
[28–30].

The summarised assumptions and boundary layer
conditions are as follows:

1. The geometry is simulated in two dimensions.
2. The solidification process is unsteady.
3. The thermophysical characteristics of the fluid are

considered to be time-dependent.

Also,

1. The initial temperature of the phase-changing
nanofluid is 278 K.

2. The cooling fluid temperature is constant and equal
to 240 K.

3. The outer surface of the chamber is adiabatic.
4. Different shapes of nanoparticles are considered

(table 2) [28–30].
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Table 2. Different shapes of nanoparticles [28–30].

Nanoparticles type Shape Shape factor

Hexahedron 3.7

Platelets 5.7

Lamina 16.1

The governing equations in the system are given as [14]

Continuity equation:

∂ui
∂xi

= 0. (1)

Momentum equation:

∂ui
∂t

+ u j
∂ui
∂xi

= 1

ρ

(
μeff �2 ui − ∂p

∂xi
+ ρβe(T − Tref)gi

)
, (2)

where ρ is the density, t is related to time, βe is the
coefficient of thermal expansion, gi represents the accel-
eration of gravity, μ denotes the dynamic viscosity of the
fluid, p is the pressure and Tref represents the reference
temperature.

Energy equation:

(ρCp)hn f
dT

dt
= �(kkn f � T ) + Lkn f

dS

dt
− ∂qr

∂y
,

qr = − aσε

3βR

∂T

∂y
,

T 4 = 4T 3
0 T − 3T 4

0 ,

Rd = aσεT 3
0

3βRk f
,

(3)

where T denotes the temperature, Cp is the specific
heat capacity, qr is related to the radiation parameter,
L f is the latent heat of the solid–liquid phase change,
k represents the conductive heat transfer coefficient and
S is the solid fraction.

The energy equation in the solid part, including the
chamber and fins, is as follows:

ρCp
dT

dt
= �(k � T ). (4)

Figure 4. Validation of the current simulation with the exper-
imental investigation of Ismaeil et al [34].

Solid fraction equation:⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

S =
(
Tm + T0

2
−T

)
/T0

(Tm − T0) < T < (Tm + T0),

S = 1 T < (Tm − T0),

S = 0 T > (Tm + T0),

(5)

where S, Tm and T0 stand for the solid fraction, melting
temperature and melting interval, respectively, while T
is the temperature.

The following expressions are used to analyse the
thermophysical characteristics of HNEPCM [22,31,33]:

ρhn f = ρ f (1 − φ2)

[
(1 − φ1) + φ1

(
ρs1

ρ f

)]
+ φ2ρs2,

(6)(
ρCp

)
hn f = (

ρCp
)
f (1 − φ2)

×
[
(1 − φ1) + φ1

(
ρCp

)
s1(

ρCp
)
f

]

+φ2
(
ρCp

))
s2, (7)

(ρL f )hn f = (ρL f ) f (1 − φ2)(1 − φ1), (8)
khn f
kb f

= ks2 + (s f − 1)kbf − (s f − 1)φ2(kbf − ks2)

ks2 + (s f − 1)kbf + φ2(kbf − ks2)
,

kbf = k f
ks1 + (s f − 1)k f − (s f − 1)φ1(k f − ks1)

ks1 + (s f − 1)k f + φ1(k f − ks1)
,

(9)

where Cp, ρ and L denote specific heat, density and
latent heat, respectively,whereas the subscripts bf, hnf
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Figure 5. The comparison of solid fraction contour of the normal chamber and the finned chamber.

and f and s represent the base fluid, hybrid nanofluid,
fluid and solid, respectively.

These relationships assist in determining specific
heat, density and latent heat, each of which is demon-
strated by Cp, ρ and L. Additionally, each linked
subscript provided hn f , b f , f and s denotes a solid,
base fluid, fluid, or hybrid nanofluid, respectively.

The quantity of two types of energy (i.e., latent and
sensible) can be determined in this work as follows [31–
33]:

Esensible = mCpT = ρVCpT (10)

Elatent = m(1 − S)L f = ρV (1 − S)L f . (11)

The total quantity of energy within the computational
domain can be calculated as

Etotal = Esensible + Elatent

= ρ

∫
(CpT + (1 − S)L f )dV . (12)

Besides, the average temperature of the PCM during the
process can be measured as

Tave =
∫
T dA∫
dA

. (13)

In this investigation, the simulation of the solid–
liquid phase change process was conducted in detail
using the Flex PDE open-source software. It is note-
worthy that this software utilises the standard Galerkin
finite-element method (GFEM) employing quadratic
interpolation based on the finite-element approach. The
solutions were computed in continuous spatial coordi-
nates with the nodes’ values at the grid cells’ sides and
corners. The Galerkin equations were formed and the
definitions were replaced, followed by applying the inte-
gral and forming the coupling matrix by derivation with
respect to the system variable. Finally, the equations
were simultaneously solved using the conjugate gradi-
ent iteration method.

3. Grid independency check and validation

Grid independence is tested using three alternative grid
sizes to simulate the problem. The impact of grid size has
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Figure 6. Temperature distribution diagram for modes with
and without fins.

Figure 7. Total energy distribution diagram for two modes
with and without fins.

been investigated on the average temperature of PC-M.
According to figure 2, there is no considerable difference
between the 14326 and 34592 grid numbers. A grid size
of 14326 was employed in the following to save both
time and money. Figure 3 illustrates the mesh’s level of
quality.

The reliability of the current study was verified using
GFEM by replicating a former experiment conducted
by Ismail et al [34]. Figure 4 compares the outcomes
of the present methodology and the experimental study.
The results show excellent agreement between the find-
ings of both studies, with an error of no more than 5%
at any stage of the process. This agreement confirms
the authenticity and reliability of the current research.
Ismail et al conducted a numerical and experimental

Figure 8. The comparison of solid fraction contour of the
normal chamber and the finned chamber.

analysis on finned tubes with the goal of employing them
in TESS. The model is based on the pure conduction
mechanism of heat transfer, the enthalpy formulation
technique and the control volume method.

4. Results and discussion

In this section, we analyse the influence of various
factors on the solidification process. Specifically, we
investigate the impact of fins, the volume fraction of
HNEPCM, radiation parameter and different shapes of
HNEPCM. Each aspect will be evaluated separately,
with different shapes and configurations presented in
each section to explore the effects of each parameter.

4.1 Analysing the impact of using fins

Figure 5 illustrates the mass fraction contour for two
scenarios (i.e., one with a standard inner chamber and
the other with a finned inner chamber) at various time
intervals (1000, 3000 and 7000 s). The inclusion of
fins improves the conductive heat transfer mechanism
and accelerates the transfer of heat into the chamber’s
interior, thereby accelerating solidification inside the
chamber. Figure 6 shows the temperature distribution
for two scenarios: (1) with fins and (2) without fins.
The mean temperature of the PCM is greater in the
absence of fins than in the presence of fins. Addition-
ally, when fins are employed, temperature variations
are greater. The temperature difference of the PCM
in the chamber is therefore improved by the inclusion
of fins, increasing heat transfer. The total energy for
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Figure 9. Solid fraction contour in different volume fractions of nanoparticles.

two cases without fins and the enclosure, including fins
at different times, is depicted in figure 7. The figure
shows the rate at which the liquid PCM transmits its
energy to the cold fluid moving through the inner and
outer tubes. This graph also shows that the total energy
for both states declines with increasing time. Notably,
times longer than 20,000 s exhibit minimal variation in

the total energy since full solidification occurs during
these intervals. Besides, the casing without fins con-
sumes more energy than an enclosure with fins. The
graphic shows that the lowest total energy quantity
equals the system’s maximum energy discharge capabil-
ity. Figure 8 elucidates the solid fraction for two separate
scenarios analysed in this section. The solidification rate
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Figure 10. Temperature contour in different volume fractions of nanoparticles.

can be determined from the slope of this graph. It is evi-
dent from the figure that the freezing rate is greater for
the finned chamber than the standard chamber. Also, the
time needed to achieve complete solidification is shorter
for the chamber with fins than for the chamber without

fins. The finned chamber reaches complete solidifica-
tion in approximately 18,000 s, whereas it takes roughly
22,000 s for the standard chamber to attain full solidi-
fication after the commencement of the process. As a
result, it can be inferred that the incorporation of fins
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Figure 11. Effect of the volume fraction of the nanoparticles
on average temperature.

Figure 12. Effect of the volume fraction of the nanoparticles
on total energy.

enhances the solidification rate and diminishes the time
required to achieve complete solidification.

4.2 Different concentrations of HNEPCM evaluation

In this section, the concentration parameter of HNEPCM
is investigated. For this purpose, different concentra-
tions (i.e., 0, 0.05 and 0.1) were considered. Also, the
value of the radiation parameter is 0.5 and the shape
factor of nanoparticles is 5.7. Figure 9 presents the solid
fraction contour of the finned chamber at different times
and various concentrations of HNEPCM. It is note-
worthy that this contour is presented at various time

Figure 13. Effect of volume fraction of the nanoparticles on
the solid fraction.

intervals, namely 2000, 7000 and 12,000 s. The find-
ings indicate that the solid fraction of the PCM has
increased over time. Additionally, the coefficient of
thermal conductivity of the PCM rises together with
the volume fraction of nanoparticles, speeding up the
chamber’s solidification process. Figure 10 elucidates
the temperature distribution in the chamber with fins for
various concentrations of HNEPCM. The findings indi-
cate that the regions close to the cooling fluid exhibit
lower temperatures in the PCM near both the inner and
outer chamber walls compared to other areas within
the chamber. Additionally, as time goes on, the tem-
perature declines in different chamber areas. The PCM
temperature is reduced by raising the nanoparticles’
volume fraction and the conductive heat transfer coef-
ficient. Figure 11 depicts the temperature distribution
for HNEPCM’s different concentrations. As can be
seen, the average temperature of the PCM declines as
time prolongs. Furthermore, the temperature variation
is greater when the concentration is 0.05 than for other
concentrations. Hence, a rise in the hybrid nanoparticle
concentration results in more favourable outcomes.

Figure 12 presents the total energy for different con-
centrations. It can be concluded that total energy value
indirectly relates to concentration. The findings indicate
that the overall energy drops when the concentration of
the hybrid nanoparticles rises. In other words, the sys-
tem discharger process is improved. Figure 13 indicates
the solid fraction for various concentrations at different
time intervals. The conductive heat transfer coefficient
rises together with the concentration of hybrid nano-
particles. As shown in the graph, an increase in HNEPCM
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Figure 14. Solid fraction contour for different thermal radiation parameters.

concentration decreases the time required to complete
the solidification.

4.3 Investigation on the impact of radiation
parameter

This section provides the results for the effect of the
radiation parameter. To this end, various values of the

radiation parameter, including 0, 0.5 and 1, were exam-
ined. Also, the volume fraction of hybrid nanoparticles
is 0.05 and the shape factor of the nanoparticles is 5.7.
Figure 14 shows the solid fraction contour for differ-
ent radiation parameters. As can be seen, by increasing
the radiation parameter, a higher solid fraction can be
obtained. The explanation is that with an increase in
the radiation parameter, the thermal penetration depth
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Figure 15. Temperature contour in different values of thermal radiation parameter.

increases and faster completion of the solidification
process is achieved. Figure 15 depicts the temperature
contour of the finned chamber for different values of the
radiation parameter. At 2000 s, the temperature around
the fin is almost constant. As time increases, a uni-
form temperature distribution is created near the walls,
indicating an increase in heat transfer. Also, with the rise

in the radiation parameter, the temperature difference
grows, thereby improving the heat transfer properties.
The effect of the radiation parameter on the average
temperature of the changing materials is demonstrated
in figure 16.

As can be seen, the radiation parameter and the aver-
age temperature of the PCM are indirectly related to each
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Figure 16. Effect of thermal radiation on the average tem-
perature of the changing materials.

Figure 17. Effect of thermal radiation on total energy.

other. Notably, as the radiation parameter increases, the
temperature difference rises. The slope of the graph line
is higher in the beginning because the PCM and cooling
fluid have a considerable temperature difference.

Figure 17 shows the impact of the radiation parameter
on the total energy. This figure shows that the system’s
overall energy reduces when the radiation parameter
increases. In other words, the system’s discharger pro-
cess is reinforced by raising the radiation parameter.
As elucidated in figure 18, by increasing the radiation
parameter, it takes less time to reach solidification. The
solid fraction of the PCM also increases by increasing
the radiation parameter. Accordingly, the solidification
rate of the chamber rises when the radiation parameter
is increased.

Figure 18. Effect of thermal radiation on the solid fraction.

4.4 Evaluation of HNEPCM shape factor

The impact of the nanoparticle shape factor is exam-
ined in this section. In this context, several shapes of
nanoparticles (i.e., 3, 5.7 and 16.1) are studied. Here,
the total volume fraction of the nanoparticles is 0.05
and the radiation parameter value is 0.5. Figures 19 and
20 depict the contour of the solid fraction for different
shapes of HNEPCM at different times and the tem-
perature contour of the finned chamber for different
shape factors, respectively. The thermal conductivity of
the hybrid nanoparticles is directly correlated with the
shape factor. As a result, the thermal conductivity of
the PCM increases, thereby enhancing the solidification
rate in the chamber. Due to the proximity of the cool-
ing fluid, the PCM near the inner and outer walls of
the chamber experiences temperatures lower than other
areas of the chamber. The diagram presented in fig-
ure 21 demonstrates how the average PCM temperature
is affected by the shape parameters of the nanoparticles.
A shape factor of 3 for the nanoparticles leads to a mean
temperature higher than other shapes. In addition, the
temperature difference of the PCMs for a shape factor of
16.1 is higher than other shapes. The effects of different
HNEPCM shapes on the total energy are demonstrated
in figure 22. Shape factors of the hybrid nanoparticles
can be increased to optimise heat transfer and lower the
overall energy level of the system, thereby enhancing the
discharge rate. Figure 23 presents the effect of the shape
factor of hybrid nanoparticles on the solid fraction. The
time required to obtain 100% solidification declines by
incrementing the shape factor of the nanoparticles. Fur-
thermore, when the form factor increases, the average
PCM temperature is reduced, incrementing the quantity
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Figure 19. Contours of the solid fraction for different shapes of the nanoparticles.

of solid fraction. In other words, the solidification rate
increases as the shape factor of the composite nanopar-
ticles increases.

5. Conclusion

This study investigated how the acceleration of PCM
solidification within a triplex LHTES chamber is influ-
enced by hybrid nanoparticles, shape factor, extended

surfaces and thermal radiation parameters (figure 23).
The key findings are outlined as follows:

• The addition of fins strengthens the conductive heat
transfer mechanism. Also, it increases the penetra-
tion of heat into the inner part of the chamber, thus
enhancing the rate of solidification in the chamber.

• With the increased volume concentration of nano-
particles, the coefficient of thermal conductivity of
the PCM also increases, resulting in a reduction in
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Figure 20. Contours of the temperature for different shapes of the nanoparticles.
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Figure 21. Effect of shape parameters of the nanoparticles
on average temperature.

Figure 22. Effect of shape parameters of the nanoparticles
on the total energy.

temperature and an increase in the solidification rate
of the chamber.

• The amount of energy of the whole system decreases
with the increased concentration of hybrid nano-
particles. In other words, the system discharger pro-
cess is improved.

• As the radiation parameter increases, the thermal
penetration depth increases, leading to the faster
completion of the solidification process.

• The total energy of the system decreases by increas-
ing the radiation parameter. In other words, the
discharger process of the system is improved by
increasing the radiation parameter.

• Rising the shape factor of hybrid nanoparticles
affects the thermal conductivity directly. Ultimately,

Figure 23. Effect of shape parameters of the nanoparticles
on solid fraction.

it increases the thermal conductivity of the PCM and,
thus, increases the solidification rate in the chamber.
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