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ARTICLE INFO ABSTRACT
Keywords: Nowadays, phase change materials are widespread in different engineering applications including cooling of
Phase change material electronics, thermal performance in building elements, heat exchangers, and many more. It is critical to gain

Heat storage
Elliptical chargers
Simulation
Thermal energy

thorough comprehension on phase change material behavior. The present research aims to numerically simulate
phase change material in a heat storage unit having two isothermal elliptical elements. The formulated partial
differential equations have been solved by the finite element technique taking into account the enthalpy-porosity
approach and adaptive mesh refinement technique. The developed computational code has been validated using
numerical and experimental data from the literature. The influence of the aspect ratios of the two elliptical
cylinders on the melting phenomenon has been scrutinized, and the most efficient shapes have been identified. It
has been found that more intensive melting occurs when the aspect ratios of the upper and lower cylinders are
AR, = 0.25 and AR; = 4.0, with a reduction of 18.45 % in the melting time compared to the case with AR, = AR;
= 1.0. Furthermore, the case with AR, = 1.0 and AR; = 0.5 shows the longest melting time, with an increase of
0.6 % in the melting time compared to the case with AR, = AR; = 1.0.

stored energy to be released. In addition, PCMs are currently available in

1. Introduction a wide range of working temperatures, making them more versatile
[8-10].

Due to its importance in numerous applications such as battery Dukhan et al. [11] conducted an experiment investigating the
lifespan, solar energy storage, refrigeration systems, thermal manage- charging process of a PCM within concentric annular cavities of both
ment of electronic devices, crystal growth, and metal casting, latent heat horizontal and vertical heat exchangers. The study showed that the
thermal energy storage (LHTES) units have attracted much attention in charging rate is influenced by both the inlet water temperature and the
the literature. To store energy, these systems employ a variety of phase orientation of the heat exchangers. Dhaidan [12] explored how the
change materials (PCMs), including organic, inorganic, and salt eutec- transient dynamics of the melting-front and liquid fraction are affected
tics. The prospective applications of PCMs in different energy storage by two different capsule orientations: prolate and oblate. The findings
units have been extensively investigated in several comprehensive demonstrated that the applied wall heat flux significantly affects the
studies published in the literature [1-7]. Huge specific heat values melting characteristics, with minimal impact observed on the melting
during the melting process allow PCMs to absorb large quantities of process due to the orientation of the capsule. Despite this, the melting
energy, and low specific heat values during solidification allow the process occurs relatively faster, and less time is necessary in an oblate
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Nomenclature

Latin symbols

A Surface area of PCM (m?)

A* Mushy zone parameter (5 %x10%)

a Radius of the lower ellipse along the x-axis
as Radius of the upper ellipse along the x-axis
ARy Aspect ratio of the lower elliptical cylinder
AR, Aspect ratio of the upper elliptical cylinder
by Radius of the lower ellipse along the y-axis
by Radius of the upper ellipse along the y-axis
[ Sensible heat capacity (Jkg 'K~1)

g Gravity acceleration (ms~2)

hpcm Latent heat of PCM (kag’l)

k Thermal conductivity (Wm~1K~1!)

L Size of square enclosure (m)

P Pressure (Pa)

qi ith component of the velocity vector (ms™!)
T Temperature (K)

t Time (s)

X,y Cartesian coordinates (m)

Greek symbols

p Thermal expansion coefficient of liquid PCM (K1)
8T met Melting temperature window (K)

Q) Numerical step function

U Dynamic viscosity (Nsm~2)

p Density (kgm~2)

Subscripts

initial Initial condition

h Hot wall

IPCM Liquid phase change material

sPCM Solid phase change material

mel Melting point

PCM Phase change material

Abbreviations

MVF Melted volume fraction

PCM Phase change material

PMTC  Percentage of a decrease or increase in the melting time

capsule compared to the duration experienced in the prolate capsule.

Huang et al. [13] devised and applied an innovative method for
optimizing the morphology of PCM heat sinks. The initial step involved
simulating the operational processes of the low melting point
alloy-based PCM heat sink using a 2D numerical model. Next,
morphological operations, involving erosion and dilation, were
executed to revise the material distribution within the target domain,
guided by the simulation outcomes. Through an iterative combination of
simulations and morphological operations, the optimal enclosure shape
was achieved, and the resulting optimization outcomes underwent
additional experimental validation. The suggested optimization
approach demonstrated its capability to achieve superior results
compared to conventional methods. Mukhesh et al. [14] presented
experimental and numerical explorations focusing on thermal convec-
tion near horizontal heat transfer fluid pathways—both straight and
wavy—within a rectangular cavity containing phase change material.
The findings revealed a strong concurrence between the finite volume
simulations based on enthalpy-porosity and the experimental tempera-
ture responses, affirming the precision of the computational method.

Several numerical studies [15-20] investigated the melting of PCMs
in various enclosure shapes, including annulus, ducting, triangular, and
spherical shells. Al-Abidi et al. [15] used both commercial computa-
tional fluid dynamics (CFD) software and self-developed programming
to perform a complete assessment of CFD applications for LHTES sys-
tems. They concluded that optimizing LHTES performance with CFD
software was a viable option. Elsayed [18] conducted a numerical study
to examine the characteristics of PCM melting within a triangular cyl-
inder enclosure. The study used paraffin wax as a PCM, with a hot air
stream acting as a heat source to melt the PCM. Three equal-volume
triangular cylinders with varying apex angles were analyzed employ-
ing ANSYS-Fluent software. The apex angle and the triangle base length,
according to the author [18], have a significant impact on the container
surface temperature and heat storage efficiency.

Soodmand et al. [19] examined the thermal behavior of rectangular,
triangular, and cylindrical chambers during the melting and solidifica-
tion processes. The findings suggested that the horizontal rectangular
and triangular cavities exhibit the fastest melting rates. Additionally, the
results highlighted that the solidification liquid fraction for a cylindrical
shape is higher compared to other shapes. Dhaidan et al. [20] investi-
gated the melting process of paraffin within a hemicylindrical storage
chamber using both numerical simulations and experimental methods.
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The results revealed that with an increase in chamber diameter from 200
to 400 mm, the melting time experiences a threefold increase at a wall
temperature of 90 °C. Furthermore, the melting rate of the PCM within
the hemicylindrical chamber surpassed that observed in a rectangular
chamber of equal volume.

The presence of heated cylinders within the enclosure holds potential
for diverse thermal applications, encompassing electronic devices, heat
exchangers, solar installations, nuclear reactors, the thermal design of
passive cooling systems, and more [21,22]. Hence, the use of PCM in
vicinity of the heated cylinders could be considered as an approach for
cooling and storing thermal energy. In these systems, the heat transfer
rate and, consequently, the melting process are influenced by in-
teractions among the surfaces of cylinders and between the cylinder
surfaces and the enclosure walls. Therefore, it is crucial to ascertain the
optimal shapes of heated cylinders, with the aim of achieving the highest
level of thermal performance. Sasaguchi et al. [23] used a computational
model to study the melting flow within a rectangular cavity having a
single and two horizontal hot cylinders which were vertically spaced.
When starting with an initial water temperature of 0 °C, their investi-
gation revealed that the solidification process was slower for two cyl-
inders compared to a single cylinder. The influence of a cylinder’s
vertical location on the phase change flow of water/ice around a hori-
zontal cylinder in an enclosure was quantitatively explored by Sugawara
et al. [22]. According to the authors, the melting rate falls dramatically
as the cylinder distance from the bottom wall increases.

Using the finite-volume method, Mahdaoui et al. [24] quantitatively
investigated the melting flow around a horizontal cylinder inside a
cavity. In their study, the enclosed medium was saturated with pure
gallium as the PCM. The authors found that the natural convection
mechanism transfers the majority of energy from the higher to the lower
region of the hot cylinder. Memon et al. [21] used a 2D heated cylinder
inside a square cavity saturated with lauric acid as the PCM to examine
laminar natural convection. They showed that the melt fraction
decreased as the cylinder moved away from the base of the enclosure.
The authors also demonstrated that altering the placement of the cyl-
inder improved the melting and energy storage rates. Mishra et al. [25]
used a numerical simulation to investigate the melting and heat transfer
characteristics of a heated cylinder inside twelve variably shaped en-
closures. The amount of PCM above the cylinder and the interaction
between the insulated walls of the enclosure and the heated surface of
the cylinder were discovered to have a significant impact on the melting
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rate. It was found that the inverted semi-circular chamber has the fastest
melting rate.

A thorough review of the literature suggests that variations in the
geometric morphologies of the inner cylinders within the enclosure fil-

Fig. 1. Physical schematic of the problem.

numerous studies have been conducted on the melting process in the
presence of one or more circular cylinders within closed compartments,
the literature review reveals that no study to date has delved into the
effect of aspect ratios of two elliptical cylinders on the phase change flow
in an enclosed medium. Hence, this research aims to investigate the
impact of elliptical cylinders with varying aspect ratios on the melting

led with solid PCM still need to be investigated further. Although

Table 1

Thermophysical specifications of the PCM [26].

Thermal Dynamic Density (kg-m~>) Thermal conductivity Specific heat capacity
expansion viscosity W-m LK™ (kJkg™ K1)

fficient Pa-
?;)jK)Clen (mPa-s) solid liquid solid liquid solid liquid
1.018 x 1073 13.23 891.4 821.6 0.252 0.159 2040 2360
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Fig. 2. Progressive adaptive mesh at different times.
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and heat transfer characteristics of a PCM inside an enclosure. This
research also aims to explore numerically how variations in the aspect
ratios of the cylinders inside the enclosure affect the melt volume frac-
tion, streamlines, and isotherms. According to the aspect ratios of the
lower (ARp and upper (AR,) elliptical cylinders, 25 different cases are
studied. It is worth noting that AR; and AR, vary from 0.25 to 4.0.

I II 111
t =30 min

I II III
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Fig. 6. Comparison of the MVF from the experimental and numerical studies
conducted by Kamkari et al. [36,37] with that predicted by the present study.

2. Mathematical modeling

Fig. 1 displays the physical schematic of an enclosed medium having
two elliptical cylinders, both maintained at a high temperature of Tp.
However, the thermally insulated wall boundary condition is applied at
the outer boundaries of the enclosure. The enclosure is filled with 1-Tet-
radecanol as the PCM. Table 1 presents the properties of the PCM. The
melting temperature and latent heat of the PCM are 37 °C and 227.8 kJ/
kg, respectively [26]. The size of the 2D square enclosure is 50 mm, and
the aspect ratios of the lower and upper elliptical cylinders are AR; (AR;

I

t =40 min

I II I

Fig. 5. Evaluation of the molten liquid fields of the current work through the experimental and numerical results reported in [36,37]; I) experimental results, II)

numerical results, and III) current work.
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Table 2
The studied cases number.
AR, 0.25 0.50 1.00 2.00 4.00
AR,
0.25 C1 c2 C3 C4 C5
0.50 C6 c7 Cc8 C9 C10
1.00 Cl11 Cl12 C13 Cl4 C15
2.00 Cl16 C17 C18 C19 C20
4.00 C21 Cc22 C23 C24 C25

= by/a;) and AR, (AR, = by/ayp). It is worth noting that the surface area
of the cylinders is identical and constant.

The following assumptions are employed for simulating the melting
flow of the PCM:

I) The molten flow of PCM is Newtonian and laminar.
II) The volume change of PCM is neglected when transferring from
the solid phase to the liquid phase.

III) The thermophysical properties of the solid and liquid phases are
different, and remain constant for each respective phase
throughout the heat transfer process.

IV) The molten fluid is incompressible with viscous dissipation effect
being ignored.

V) The Boussinesq linear approximation is valid for modeling the
variation of the PCM density in the buoyancy term.

The enthalpy-porosity scheme along with an adaptive mesh refine-
ment is used to model progressive melting front. The balance equations
of mass, momentum, and energy are listed below [27]:

dq; _
Tx_,-_ 0 (@D)]

where x1° = °x and x3° = °y. g; is the ith component of the velocity

vector [27-29].
oq 9g;
dxj

; op 0
plPCME + Pircu

(3_xi lulPCMa_xj

0q,4; _

0x; 2
+0B) 1pcu8i(T — Tar) + F(T)g;
in which,
0i=1
2
F(T) = A*Ll)w
0.001 + €

Tmel -T

QT)={ OT < Tpy—0.56Tpy 05—

mel

or T 9 or 9T
(pcﬂ).vawg + (”CP)PCMa_x,. ~ox (kPCMé_x,-) — Pepeuhpem (3(t ) (5)
(/)C/’)pcM =Q(T) [(pc/’)lPCM - (/)Cp)xPCM] + (pcl’)sPCM 6
kpen = (T [kipew — kspen) + kspen @

The following boundary and initial conditions are applied:
On the hot surfaces:

Tnet = 0.56T et < T < Tipet + 0.56T 1
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T=T,=320.15K,q9; =0 (8)
On the insulated vertical surfaces:
T
I o,4=0 ©)
ox
On the insulated horizontal surfaces:
T
I og=0 10)
dy
Initial conditions:
T = Ty = 300.15K, g, = 0 an

It is worth noting that this specified value is sufficiently lower than
the melting temperature (melting temperature is 310.15 K). Moreover,
this temperature is close enough to the ambient temperature (i.e.,
298.15 K).

The melted volume fraction (MVF) of the PCM is:

AIPCM

MVF = 12)

Aipcn + Aspem
Ajpcym and Agpcy are the liquid and solid surface areas of the PCM. At
last, the equation for the stream function is introduced as follows:

azllf azl_a% 0gq,

o a2 dy  ox

13)
where g; and gz represent the components of velocity vector in the x and
y directions, respectively.

3. Numerical approach, mesh and time step sensitivity analyses,
and code verification

3.1. Numerical approach

In this research, the enthalpy-porosity method has been employed
for numerical modeling. For the examination of drastic changes in var-
iables within the mushy zone, we utilized an adaptive mesh refinement
to produce a grid of superior quality in the mushy zone. For dis-
cretization of nonlinear differential equations and the integration of
user-defined codes, the capabilities of COMSOL Multiphysics software
were used. Specifically, we implemented the Galerkin finite element
method to effectively solve the governing equations [30]. This method
initially divides the target domain into a series of smaller domains and
then formulates a piecewise polynomial approximation of the solution

4
IT 2> Tyt + 0.56T et

over each of these smaller domains. The chosen method to discretize the
domain for solving the momentum equations, and subsequently calcu-
lating the velocity and pressure variables, adopts a P1 + P1 discretiza-
tion mode. This discretization mode denotes the use of linear elements
for the velocity and pressure variables. In laminar flows, the default
choiceis P1 + P1. Opting for linear elements is advantageous as they are
computationally more economical than their higher-order counterparts
and generally result in fewer undesired oscillations, thereby enhancing
numerical robustness. Additionally, when discretizing the energy
equation for temperature calculation, a first-order, linear discretization
method is employed [31]. In the Galerkin approach, the governing
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Fig. 7. Dependency of the melting fields, streamlines, and isotherms to the identical aspect ratios of the upper and lower elliptical cylinders.
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Fig. 8. Dependency of (a) the MVF, and (b) melting time to the identical aspect ratios of the upper and lower elliptical cylinders.
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Fig. 9. Dependency of Nug,, of (a) the lower and (b) upper cylinders to the identical aspect ratios of the upper and lower elliptical cylinders.

equations are multiplied by a test function and integrated over the
domain. The selection of the test function requires ensuring its orthog-
onality to the basis functions employed in the approximation. This
choice guarantees that the resulting system of equations is well-posed
and possesses a unique solution. The application of the Galerkin
approach gives rise to a set of algebraic equations that can be solved
through numerical methods using conventional techniques [32]. For
resolving the residual equations, the PARallel DIrect SOlver is utilized,
incorporating a Newtonian damping factor of 0.8 [33-35]. The itera-
tions persist until meeting the residual error criterion of 107>,

3.2. Mesh and time step sensitivity analyses

In the current numerical simulation, the mushy zone emerges as the
most sensitive region to the grid. Therefore, an adaptive mesh refine-
ment within the mushy region is used to reach the accuracy of a solution.
Fig. 2 provides a visual representation of the progressive adaptive mesh
at different times.

To achieve a balance between the precision and computational cost
of the simulation process, grid sensitivity analysis is used in this inves-
tigation. As shown in Fig. 3, four levels of mesh fineness, are applied to
discretize the model. The results show that a mesh with 8954 elements
can be employed confidently for numerical calculations. Moreover,
three distinct time steps are studied; At =0.8s, 0.4 s, and 0.1 s. The
difference in MVF for At = 0.4 s and At = 0.1 s is virtually negligible, as
depicted in Fig. 4. Consequently, to ensure accuracy and expedite
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computational processes, all numerical simulations in this work are
executed with a fixed time step of At=0.4s

3.3. Code verification

The model developed in this study is validated using both the
experimental and numerical results obtained by Kamkari et al. [36,37]
for a rectangular enclosure filled with a PCM. In this verification, a
rectangular enclosure with the size of 120 mm x 50 mm is filled by
lauric acid as the PCM. A high temperature of T, = 70 °C is applied to
the right side of the enclosure, while the other walls are thermally
insulated. As shown in Fig. 5, a good compatibility between the nu-
merical outcomes of the current work and both the numerical and
experimental findings reported in [36,37] can be found. Moreover, to
enhance the confidence in the accuracy of the obtained results, the nu-
merical values of MVF from this study undergo a quantitative compar-
ison with the experimental and numerical data presented by Kamkari
et al. [36,37]. The quantitative comparison depicted in Fig. 6 reveals
that the results of the current study have a high level of accuracy.

4. Results and discussion

The cases under study are summarized in Table 2, classified ac-
cording to the aspect ratio of the lower and upper elliptical cylinders.
The volume of PCM filling the enclosure is constant, and the radii of the
cylinders can be achieved by the aspect ratios. Obtained results
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Fig. 10. Dependency of the melting fields, streamlines, and isotherms to the aspect ratio of the upper cylinder when AR; = 0.5.
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Dependency of (a) the MVF, and (b) melting time to the aspect ratio of the upper elliptical cylinder when AR; = 0.5.
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Fig. 12. Dependency of Niug, of (a) the lower and (b) upper cylinders to the aspect ratio of the upper elliptical cylinder when AR; = 0.5.

illustrating the streamlines, isotherms, melted volume fraction, melting
or charging time, and average Nusselt numbers are presented in
Figs. 7-16.

Fig. 7 shows the time evolution of streamlines and isotherms for
different aspect ratios of internal cylinders with identical shapes. Here,
the aspect ratios of the upper and lower cylinders are the same. It should
be noted that the considered chargers (cylinders) are placed along the
vertical middle cross-section. These cylinders are uniform, and their
centers of inertia are located as shown in Fig. 1. For case C1 (see
Table 2), the emergence of two thermal plumes above each cylinder can
be observed at t=2500s and t=5000s. These thermal plumes
combine, giving rise to ascending flows along the central vertical line of
the cavity above each cylinder. It should be noted that initially, thermal
plumes appear near the edges of the cylinders, influenced by the
buoyancy force and the curved surfaces of the cylinders. Over time,
these thermal plumes gradually move towards the central vertical axis,
combining to form a unified thermal plume. As a result, at t = 2500 s,
one can find thermal plumes located at the middle part of the mentioned
distance, and at t = 5000 s, a single combined thermal plume is posi-
tioned along the vertical symmetry line. Moreover, at t =5000s, a
combination of convective cells forms near the upper and bottom cyl-
inders, creating a global circulation around these charges. This behavior
can be attributed to the intense melting of PCM and the formation of
convective liquid zones. Additionally, it is worth noting that at
t = 2500 s, the melting zones near the bottom and upper cylinders are
similar, attributed to the absence of interactions between these cylinders
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and between the thermal plume above the upper cylinder with the upper
wall. While at t = 5000 s, a combination of these melting zones leads to
the strong interaction between mentioned thermal plumes. For
t > 5000 s, more intensive melting occurs in the upper part due to nat-
ural convection intensification with a huge melt volume. At
t =10,000 s, almost whole PCM is melted within the chamber. Solid
PCM can be found only in the bottom corners of the enclosure due to
intensive convective flow in the upper part and the dominance of heat
conduction in the bottom zone.

Reducing the horizontal size and increasing the vertical size of the
chargers (see case C7 in Table 2) result in the formation of a single
thermal plume at t = 2500 s, accompanied by more intensive melting in
the vertical direction. An appearance of a single thermal plume at
t=2500s can be explained by less horizontal size of the charger
compared to the previous case (C1). Further raise in time will not make
charging effective like in previous case, i.e., C1. As a result, the charging
time for C1 is significantly shorter compared to that observed in C7. It
should be noted that the less horizontal sizes of the charges illustrate a
less intensive melting of PCM within the chamber. In case C13, when we
have circular inner cylinders, the PCM behavior is like case C7. Further
vertical elongation of these chargers can be more effective considering
more intensive natural convection along vertical plate compared to the
horizontal ones. It is worth highlighting that an intensification of the
charging process in the natural convection system can be described by
the influence of buoyancy force. Therefore, the effect of vertical orien-
tation of the cylinder on the melting process is similar to vertical plate
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Fig. 13. Dependency of the melting fields, streamlines, and isotherms to the aspect ratio of the lower cylinder when AR, = 0.5.

355



N. Ben Khedher et al.

MVF

n PR [T SR SRS T T U T N I RN

50 100 150 200 250
t(min)

Fig. 14. Dependency of MVF to the aspect ratio of the lower elliptical cylinder

when AR, = 0.5.

and is more effective in comparison with horizontal orientation of the
charger (cylinder) that is similar to horizontal plate. It is interesting to
note that at t=2500s, only one global convective cell is formed,
combining the bottom and upper circulations, in cases C19 and C25.
This behavior can be attributed to the vertical elongation of the char-
gers, resembling the characteristics of vertical plates mentioned earlier.
For the present problem, such a phenomenon can be explained by the
rapid melting of the upper part for cases C19 and C25. Then, the melting
process begins to heat the bottom solid material, and as a result, the
melting time for these cases is lower compared to the previous ones. It is
interesting to note that maximum convective flow velocity among the
considered cases can be found for case C1 at t = 5000 s

Fig. 8 shows the time evolution of the MVF and charging/melting
time for the considered cases. As shown, a more effective case is C25
when melting time is minimum, and consequently the charging process
is most effective. It is interesting to note that in case C1, most of the
melting process occurs for t < 200 min, whereas for C25, melting
intensification takes place for t > 200 min. This can be explained by the
difference between the heated vertical and horizontal plates within the
convectively circulating liquid. Less effective cases are C7 (AR; = AR, =
0.5) and C13 (AR; = AR, = 1.0), each having a melting time of 294 min.
Case C25, with AR; = AR, = 4.0, demonstrates a 16.86 % reduction in
the melting time compared to the case C13. Furthermore, these re-
ductions in the melting time are 10.52 % and 7.14 % for cases C1 (AR; =
ARy = 0.25) and C19 (AR; = AR, = 2.0), respectively. It should be noted
that less and more effective cases can be interchangeable, as they depend
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on the considered physical problem. Sometimes the objective is to
decrease the charging time, e.g., for the LHTES system. However, in the
case of cooling electronic devices or maintaining the working thermal
mode, it is necessary to increase the melting time. Therefore, these
considered cases can be optimal for different thermal systems.

Average Nusselt numbers behavior with time are shown in Fig. 9 for
bottom and top cylinders. More effective cases with low charging time
are characterized by low average Nusselt number for the upper and
lower chargers due to the necessity of heating the material near the
heater surfaces and vice versa. Taking into account that the upper cyl-
inder is placed in the trail of velocity and temperature fields of the
bottom charger, the average Nusselt number for the upper cylinder
follows a decreasing trend over time. It is evident from Fig. 9 that the
average Nusselt number of the bottom cylinder is a non-monotonic
function of time. This behavior is attributed to the formation of the
initial heat-conduction level and the development of natural convection
heat transfer level. Furthermore, the minimum value of the average
Nusselt number of the lower cylinder characterized a transition between
these two mentioned levels.

Fig. 10 demonstrates the impact of the upper charger shape with AR,
= 0.5 on the streamlines and isotherms within the enclosure. The flow
structure and temperature field near the upper and lower cylinders can
be considered a combination of the cases described in Fig. 7. Adding
cylinders of various shapes allows to control the flow structure and
temperature field due to different impact of buoyancy force. Therefore,
the inclusion of a horizontally oriented upper heater (case C2) reflects a
higher necessity for melting of the upper part and the melting time for
the considered chamber is lower compared to that of case C7. Vertically
oriented upper heater allows to intensify melting phenomenon due to
huge heating surface along the vertical coordinate. Considering the
present analysis, the maximum convection velocity is 1.6491 mm/s for
case C12 due to the circular shape of the upper cylinder. It is necessary to
highlight that intensive melting of the upper part characterizes less
melting time for the whole chamber. Consequently, cases C2 and C22
can be more effective from this point of view.

Fig. 11 presents the evolution of the MVF and melting time for
different cases with AR; = 0.5. It is clear that 300 min is enough for
complete charging of the analyzed system. More intensive charging
occurs for case C22 with a vertically elongated upper heater (AR, = 4.0),
while less intensive charging happens for case C12 with circular shape of
the upper heater (AR, = 1.0). The melting time difference between cases
C12 and C22 is 10.75 min. As shown, deviation from AR, = 1.0 leads to
a decrease in the melting time. The percentage of melting time reduction
for cases C2 (AR, = 0.25), C7 (AR, = 0.5), C17 (AR, = 2.0), and C22
(AR, = 4.0) compared to case C12 (AR, = 1.0) is 3.20 %, 0.06 %, 1.18 %,
and 3.60 %, respectively. The evolution of the average Nusselt numbers
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Fig. 15. Dependency of Nug, of (a) the lower and (b) upper cylinders to the aspect ratio of the lower elliptical cylinder when AR, = 0.5.
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Fig. 16. (a) Melting time for the different cases, and (b) percentage of a decrease (positive) or an increase (negative) of the melting time compared to case C13 (AR; =

AR, = 1.0).

for these heaters is shown in Fig. 12. It is worth noting that by keeping
the bottom cylinder unchanged and changing the upper one, the average
Nusselt number of the lower cylinder can vary with the variation of the
upper cylinder shape. Behavior of the average Nusselt number has been
extensively described earlier in Fig. 9 and for the considered cases, the
nature of the average Nusselt number is similar. However, it is inter-
esting to highlight that at t = 300 min, Nug,, for the upper heater rea-
ches zero due to complete melting and significant heating of the upper
part, while Nug,, for the lower heater is not equal to zero due to
convective flow evolution and mixing between hot and less hot flows.
Therefore, the thermal relaxation time for the considered system is
greater than the whole melting time due to the natural convection
phenomenon.

The streamlines and isotherms within the chamber for different
shapes of the bottom heater are shown in Fig. 13 at AR, = 0.5. Taking
into account that the upper heater is placed in the flow and thermal trace
of the bottom cylinder, it can be inferred that altering the shape of the
lower heater can change the flow structure and temperature field of the
entire system. Such features could be found in Fig. 13 compared to
Fig. 7. The behavior of PCM was described previously in Figs. 7 and 10.
Here, analyzing Fig. 14 shows that more intensive charging occurs for
case C10 with vertical orientation of the bottom heater. In contrast, less
intensive melting is observed for cases C7 and C8, where the shape of the
bottom cylinder is nearly circular (AR; = 0.5 and AR; = 1.0).

The trend of the average Nusselt numbers presented in Fig. 15 aligns
with what has been described in Figs. 9 and 12. As mentioned earlier, by
changing the shape of the lower heater, it is found that the average
Nusselt number for the upper cylinder can be more sensitive to such
changes compared to the average Nusselt number of the lower heater.
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This is mainly due to the influence of the buoyancy force and, conse-
quently, due to the interaction between the thermal plume formed above
the bottom cylinder with the upper charger.

A more in-depth analysis shall be performed using the PMTC
parameter, which defines the percentage of a decrease or increase in the
melting time, as presented in Eq. (14).

PMTC(%) = fles =Ml 19 a4

feis

iin the above equation denotes the case number. It is worth noting that
both the upper and lower cylinders of case C13 are circular. Indeed, the
PMTC parameter indicates the percentage of decrease or increase in the
melting time of different cases relative to the chamber with two circular
cylinders. The melting time for the considered cases is shown in Fig. 16a.
Here, the lowest value is 239.75 min for case C5, while the highest
melting time is calculated as 295.75 min for case C12. Fig. 16b shows
PMTC behavior for different cases. This graph helps to strengthen the
findings presented in Fig. 16a. This figure shows that case C5 (AR; =4.0
and AR, = 0.25) has the highest percentage of a decrease in the melting
time (PMTC = 18.45 %), while case C12 (AR; =0.5 and AR, = 1.0) has a
negative percentage compared with other cases (PMTC = —0.60 %). It is
worth noting that the negative value of PMTC shows an increase in the
melting time of the system compared to case C13 (AR; = AR, = 1.0).

5. Conclusions
Numerical analysis of the phase change material charging within the

adiabatic square chamber with two isothermal heaters has been per-
formed using finite element technique. To model the mushy zone with
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hig

h accuracy, an adaptive mesh refinement has been employed. The

developed computational code has been validated against numerical
and experimental data from the literature. In addition, analysis of the
effect of heater’s shape on the flow structure, melting fields, and heat
transfer mode has been conducted. The findings of this study can be
summarized below:

. Flow structure and heat transfer within the considered chamber are

defined mainly by the shape of the bottom heater.

. The average Nusselt number of the upper and lower cylinders depend

significantly on the aspect ratio. Such behavior can be explained by
essential impact of buoyancy force.

. The thermal relaxation time for the considered system is greater than

the whole melting time due to the natural convection phenomenon.

. More intensive charging of the considered systems occurs in case C5

with AR; = 4.0 and AR, = 0.25 (melting time is 239.75 min), while
less intensive charging happens in case C12 with AR; = 0.5 and AR,
= 1.0 (melting time is 295.75). In comparison to the case with AR,
= AR; = 1.0, the percentage of the decrease and increase in the
melting time for cases C5 and C12 is 18.45 % and 0.6 %, respectively.

. Compared to the case with AR, = AR; = 1.0, the case with AR; = AR,

= 4.0, exhibits a notable 16.86 % reduction in the melting time.
Moreover, these reductions in the melting time are 10.52 % and 7.14
% for cases with AR; = AR, = 0.25 and AR; = AR, = 2.0, respec-
tively. It is worth noting that the melting times of the cases with AR;
= AR, = 0.5 and AR, = AR; = 1.0 are the same.

. In the system with AR; = 0.5, changing the shape of the upper cyl-

inder from circular (AR, = 1.0) to elliptical (AR, } 1.0) leads to a
reduction in the melting time. The percentage of melting time
reduction for cases with aspect ratio (AR,) values of 0.25, 0.5, 2.0,
and 4.0, compared to the case with AR, = 1.0, is 3.20 %, 0.06 %, 1.18
%, and 3.60 %, respectively.

. It should be noted that more intensive charging can be more effective

for various engineering systems, while less intensive melting is not so
effective and vice versa. This trend depends on the considered
physical or technical problem. Sometimes the objective is to reduce
the charging time, e.g., for the latent thermal energy storage system,
however in the case of cooling electronic devices or maintaining the
working thermal mode, it is necessary to increase the melting time.
Therefore, the considered cases in the present study can be optimal
for different thermal systems.
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