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Abstract. This numerical study examines free convection heat transfer in
an irregularly shaped cavity filled with a phase-change material nano-
encapsulated in water mixture at a volume fraction of 3.5%. A hybrid
computational approach integrating the lattice Boltzmann method for fluid
dynamics with the finite difference scheme for heat transfer is utilized. The
influences of the normalized fusion temperature 8¢, wall energy strength y,
wall thickness &, and Rayleigh number Ra on flow structure, phase change
behavior, and thermal performance are systematically analyzed. The results
indicate that intermediate fusion temperatures (6f ~0.3-0.4) provide an
optimal interaction between natural convection and latent heat absorption,
leading to enhanced NEPCM melting and higher average Nusselt numbers.
Increasing wall energy strength and wall thickness promotes more uniform
melting and improves thermal regulation within the cavity. In addition,
higher Rayleigh numbers intensify convective motion, accelerate phase
change, and further enhance heat transfer. These findings highlight the
effectiveness of NEPCM-based fluids for improving thermal management
in natural convection systems.

1 Introduction

During recent decades, extensive numerical and experimental research has been devoted to
evaluating the effectiveness of nanofluids in enhancing heat transfer [1]-[3]. Incorporating
metallic or non-metallic nanoparticles into a conventional base fluid generally leads to a
noticeable improvement in its thermal properties [4]-[6]. Reported results indicate that using
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nanofluids containing 2 vol% CuO, 2.5 vol% Al>O3, 2 vol% Cu, and 2.5 vol% CNT dispersed
in water can increase the heat exchange rate by approximately 17.3%, 22%, 31%, and 22%,
respectively. For instance, Ighris et al. [7] performed a numerical analysis of free convection
within an optimized cavity filled with a hybrid ferro-nanofluid, using a hybrid LBM-FDM
scheme with experimentally based variable properties and magnetic field effects. Their
results showed that the hybrid numerical approach significantly reduces computational cost
compared with the conventional LBM approach, while the inclusion of hybrid nanoparticles
improves the thermal and hydrodynamic performances by nearly 9% and 16%, respectively,
depending on the Rayleigh number, heat source size, and magnetic field intensity and
orientation. In this context, researchers continue to explore innovative strategies to enhance
heat exchange efficiency. One of the promising approaches involves the use of nanofluids,
particularly for applications where reducing energy consumption is crucial.

A recent advancement in this field is the development of nano-encapsulated phase change
materials (NEPCMs), where each nanoparticle consists of a core made of phase change
material. PCMs can absorb large amounts of thermal energy while undergoing only small
temperature variations during melting and solidification. Materials such as paraffin or n-
alkanes, for instance, are known for their excellent thermal energy storage capabilities [8],
enabling them to store heat during phase transition. Because of these advantages, PCMs are
increasingly used in multiple engineering and industrial domains, including storage units,
industrial processes, photovoltaic/thermal devices, heat pipes, building thermal management,
solar energy systems, and even biomedical applications. However, their relatively low
thermal conductivity, especially in the case of n-alkanes requires large surface areas to
achieve efficient heat storage. To address this limitation, encapsulation techniques have been
introduced, where PCMs are enclosed within nanoscale shells to prevent leakage and improve
overall heat exchange performance. Recently, natural convection has attracted significant
interest because of its wide applicability in industrial operations, biomedical technologies,
and numerous natural processes. Within this context, several studies have reported that
incorporating NEPCM particles into the working fluid can significantly improve its thermal
behavior, leading to enhanced convective heat transfer performance. In this context,
Ghalambaz et al. [9] investigated free convection of NEPCM suspensions inside an tilted
porous cavity, where the nano-shells encapsulate PCMs that absorb or release latent heat near
the heated and cooled boundaries. Using a finite element formulation, they analyzed the
effects of fusion point, Stefan number, and tilt angle of the cavity on the flow and temperature
fields. Their results revealed that NEPCM addition consistently enhances heat transfer, with
optimal performance observed at a nondimensional fusion point of 0.5 and an inclination
angle of 42°, while lower Stefan numbers further promote thermal efficiency. Ghalambaz et
al. [10] also analyzed the thermal behavior of NEPCM suspensions flowing over a vertical
plate embedded in a porous medium. In their model, each NEPCM particle consists of a PCM
core that absorbs latent heat when the surrounding fluid temperature exceeds the fusion point.
Using a high-order boundary-value formulation solved via an adaptive finite difference
method, they showed that NEPCM addition systematically enhances heat exchange. Their
results further indicated that lowering the fusion temperature of the PCM core strengthens
thermal performance, and that two distinct solution branches may appear under strong
opposing flow conditions. El Glili et al. [11] carried out a numerical study on natural
convection in a square cavity filled with an NEPCM suspension. Their findings indicated that
NEPCM nparticles significantly enhance thermal transfer, especially when the heating and
cooling walls are aligned vertically. Specifically, for Ra=10°, a 5% concentration of NEPCM
led to an increase of about 11.5% in the average Nusselt number, highlighting the important
role of NEPCMs in improving both heat transfer and thermal storage performance. Sharifi et
al. [12] developed a multi-fidelity modeling framework combining CFD, machine learning,
and statistical regression to evaluate the effective thermal conductivity of NEPCMs under
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natural convection in a cylindrical annulus. Their results demonstrated that thermal
performance depends strongly on Rayleigh number, melting strength, and the alignment of
the melt front with the convective zone. The study highlighted the complex interplay between
latent heat effects and flow structures, showing that NEPCMs can transition from convection-
dominated to phase-change-buffered regimes, offering guidance for optimizing thermal
systems. Faraji et al. [13] numerically analyzed the passive cooling of an electronic
component using a nano-enhanced PCM (NEPCM) with hybrid Cu—Al,O3 nanoparticles.
Their study showed that both the position of the component and the inclination of the heat
sink significantly influence heat transfer and flow patterns. Optimal cooling was achieved
with a rectangular heat sink, an inclination of 90°, and a component positioned at § = 0.5,
ensuring safe operation and minimal temperature gradients.

This study focuses on optimizing heat transfer in a cavity filled with Nano-Encapsulated
Phase Change Materials (NEPCM) using a well-localized heating source, aimed at enhancing
melting efficiency and thermal distribution. To perform this study efficiently and accurately,
a hybrid lattice Boltzmann method (LBM) approach is employed. This method allows
reducing computational time while maintaining high accuracy in simulating complex flows
and NEPCM phase-change effects within the cavity.

2 Mathematical formulation

2.1 Problem statement

The present computational analysis focuses on an irregularly shaped cavity filled with a
water-based NEPCM suspension. The flow regime is considered laminar, steady-state, and
incompressible, with buoyancy effects modeled through the Boussinesq approximation. A
partial heat source is mounted at the bottom-left corner of the enclosure and positioned to
optimize heat transfer characteristics. Its dimension is adjusted using a specified size ratio
parameter. The right-side vertical wall is maintained under isothermal cold conditions, while
all other walls, including the horizontal boundaries, are assumed adiabatic. The cavity is
considered sufficiently extended in the z-direction so that variations along this axis can be
neglected. Therefore, the problem is modeled using a two-dimensional formulation in the (x,
y) plane (see Fig. 1).
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Fig. 1. Geometric configuration.
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2.2 Governing equations

In this work, the flow of a NEPCM—water mixture is modeled under steady, two-dimensional,
incompressible, and homogeneous conditions. Temperature-dependent variations in density
are incorporated using the Boussinesq approximation to account for buoyancy effects.
Accordingly, the governing momentum and energy equations are expressed as follows [12]:

V.v=20 (1)
pv.Vv = —Vp + V.(uVv) + pB(T — Trer ) g 2
v.V(pc,T) = V.(kVT) 3)

Here, the symbols p, u, B, ¢y, k, g, v, p, T, and T,..; denote, respectively, the mixture
density, dynamic viscosity, thermal expansion coefficient, specific heat capacity, thermal
conductivity, gravitational acceleration, velocity field, pressure, temperature, and reference
temperature. Tensor quantities are indicated using bold notation.

2.3 NEPCM properties

According to Ref. [14], the phase-change behavior of the NEPCM core material (n-
nonadecane) is characterized by melting and solidification temperatures of 32.12 °C and 31.9
°C, respectively. When the core is encapsulated within a polyurethane shell with a core-to-
shell mass ratio of 0.447, these temperatures shift to 30.54 °C for melting and 30.78 °C for
solidification. It should be noted that the overall thermophysical properties of NEPCM:s result
from the combined contributions of both the core and shell materials, as discussed in Ref.
[15].

_ (1 +m;)pcps

4
mype + Ps

n

Here, p denotes the density, while the subscripts c, s, and n refer to the core, shell, and

NEPCM, respectively. The parameter m, represents the core-to-shell mass ratio, defined as
Mcore

Mghell’
The specific heat capacity of the core material is assumed to be constant at the pure

melting and solidification temperatures and is denoted by ¢, ;. However, within the phase-
change interval where latent heat effects are taken into account, the core specific heat capacity
Cp,c 1s modeled using the sinusoidal formulation described as follows:

m, =

T,
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The specific heat capacity of the NEPCM (cp ), which results from the combined
contributions of the core and shell materials, is expressed as follows[15]:
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C — (Cp,C + mTCp,S)pCpS
P (Mype + Pps)py

The effective thermal expansion coefficient of a spherical particle composed of dissimilar
core and shell materials can be expressed as follows [15]:

o= bt (555) (1-m2). @

(6)

2.4 Mixture properties

The density, specific heat capacity, and thermal expansion coefficient of the present mixture
are evaluated using the following relations [12]:

pm =1 —@)ps + @py, (8
1-— C, s+ C
Com = ( <P)Pf pf T PPn p,n, 9)
Pm
1-— +
g = ( w)pfpﬁf <ppnﬁn_ (10)
m

In the above equations, ¢ denotes the NEPCM volume fraction, while the subscript
m refers to the mixture properties.

The thermal conductivity and dynamic viscosity of water-based NEPCM suspensions
with a core—shell mass ratio of 0.447 (n-nonadecane core and polyurethane shell) were
determined experimentally. A fifth-order polynomial correlation is employed to model the
thermal conductivity ratio as follows [14]:

km/kf = (1-0.3925¢ + 0.7141¢? — 0.4177¢> + 0.1055¢* — 0.0098¢°).  (11)
The viscosity of the mixture is evaluated using the following correlation [14]:
“m/#f = (1+ 0.125¢ + 0.0006¢2). (12)

Table 1 summarizes the thermophysical properties of water, n-nonadecane, and
polyurethane at 303 K, based on the data provided in Ref. [14].

Table 1. Thermophysical properties of water, n-nonadecane (core), and polyurethane (shell) in 305K.

P (%) ¢ (,(;7 1058 (%) 102k (%) 10°u(Pa.s)
base fluid 995.7 4178 36.6 62.3 72.4
core 721 2037 50 19 _
shell 786 1317 17.3 2.5

3 Numerical simulation

In this study, a numerical model was developed to investigate natural convection in an
irregular cavity filled with a water—-NEPCM mixture. The model employs a hybrid approach,
combining the lattice Boltzmann method (LBM) for the momentum equations and the finite
difference method (FDM) for the energy equation, implemented in FORTRAN. The NEPCM
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volume fraction was fixed at ¢=3.5%, and different Rayleigh numbers Ra=10* and Ra=10°.
A uniform grid of 240%240 was used for all simulations to ensure accuracy and convergence
of the results.
Several dimensionless parameters were introduced to characterize the phase-change
behavior and wall energy effects:
0y: the normalized fusion (phase-change) temperature of the NEPCM;
é : the thickness of the energy wall;
x : the wall energy strength.
For the simulations, the parameters were set as 0.1<6¢<0.9 for § = 0.2 and § = 0.5 with
x=20, 50, 100.

3.1 Results and discussion

Figures 2 present the variation of the average Nusselt number (Nu) as a function of the
normalized fusion temperature (6;) for two Rayleigh numbers, Ra = 10* and Ra = 10°,
considering two energy wall thicknesses (6 = 0.2 and § = 0.5) and different wall energy
strengths (y = 20, 50, and 100).

At Ra = 10%, the average Nusselt number exhibits a non-monotonic evolution with respect
to 6 for all investigated values of § and y. As 6 increases, Nu initially rises, reaches a
maximum at an intermediate fusion temperature (67 = 0.3-0.4), and then decreases for higher
0 values. This behavior is attributed to the timing of the NEPCM phase change. At low
fusion temperatures, the phase change occurs early, leading to premature latent heat
absorption and reduced temperature gradients near the heated wall. At intermediate 6y, the
phase change coincides with a well-developed thermal field, resulting in an optimal
interaction between latent heat storage and buoyancy-driven convection, and consequently
maximizing the heat transfer rate. At higher 8¢, the delayed phase change weakens the
contribution of latent heat during the main convective regime, causing a reduction in Nu. For
a fixed 6, increasing the wall energy strength y enhances Nu, while a larger wall thickness
(6 = 0.5) consistently yields higher heat transfer rates compared to § = 0.2. These trends
indicate that wall thermal energy storage plays a positive role in regulating the heat transfer
process under moderate convection conditions. When the Rayleigh number increases to Ra
= 10°, the same qualitative trends are observed, but with significantly higher values of the
average Nusselt number. This increase reflects the dominance of stronger buoyancy-driven
convection, which intensifies fluid motion and enhances thermal mixing within the cavity.
However, the enhancement associated with increasing x becomes more pronounced at Ra =
10%, indicating that stronger wall—fluid thermal interaction is particularly effective when
convection is dominant. Moreover, the influence of the energy wall thickness is amplified at
higher Ra. The thicker energy wall (§ = 0.5) provides greater thermal capacity, allowing more
efficient energy exchange between the wall and the fluid-NEPCM mixture, which leads to a
further increase in heat transfer performance.
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Fig. 2. Variation of the average Nusselt number (Nu) as a function of the normalized fusion temperature
(8y) for two Rayleigh numbers (Ra = 10* and Ra = 10°), considering two energy wall thicknesses (8 =
0.2 and & = 0.5) and different wall energy strengths (y = 20, 50, and 100).

Figures 3 illustrate the contours of the heat capacity ratio Cr at Ra = 10* for two wall
energy strengths, y = 20 and y = 100, considering two energy wall thicknesses (6 = 0.2 and
6 = 0.5) and three normalized fusion temperatures, 6 = 0.1, 0.4, and 0.9. For all
configurations, the distribution of Cr is strongly influenced by the fusion temperature. At low
melting temperatures (6 = 0.1), high Cr values are concentrated near the cold right wall.
This indicates that NEPCM begins to melt primarily in areas where heat accumulation is
delayed, resulting in limited heat transfer and a less uniform thermal distribution within the
cavity. At intermediate fusion temperature (6 = 0.4), the Cr contours become more spatially
distributed and better aligned with the convective flow structure. The melting process occurs
when the thermal field is already developed, leading to a more effective interaction between
phase change and natural convection. This configuration corresponds to the optimal thermal
performance observed in the Nusselt number results. At high fusion temperature (6 = 0.9),
the Cr contours show limited melting regions confined close to the heated wall. The delayed
phase change reduces the contribution of latent heat storage during the main convective
regime, resulting in weaker thermal regulation and reduced heat transfer enhancement.
Influence of wall energy strength y Comparing y = 20 and y = 100, it is evident that
increasing the wall energy strength significantly intensifies the Cr field. For x = 100, higher
Cr values occupy a larger portion of the cavity, indicating a stronger and more uniform phase-
change process. This behavior reflects enhanced energy exchange between the wall and the
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fluid-NEPCM mixture, which promotes melting and improves thermal distribution. In
contrast, for y = 20, the melting regions are more localized and less intense, especially at
high 6, confirming that weaker wall-fluid thermal interaction limits the effectiveness of the
phase-change mechanism. Effect of energy wall thickness § for both y values, increasing the
wall thickness from § = 0.2 to § = 0.5 leads to a noticeable expansion of the melting zones.
The thicker energy wall provides greater thermal capacity, allowing more energy to be stored
and gradually released to the NEPCM. This results in higher Cr values and smoother spatial
gradients, particularly at intermediate fusion temperatures. The combined effect of § = 0.5
and y = 100 produces the most favorable Cr distribution, characterized by extended melting
regions and enhanced thermal uniformity within the cavity. Physical consistency and link
with heat transfer results. The Cr contour analysis is fully consistent with the Nusselt number
trends observed for Ra = 10%. Early melting at low 6, explains the limited heat transfer
enhancement. Optimized melting patterns at intermediate 6; justify the maximum Nu values.
Delayed melting at high 6 leads to reduced thermal performance. Overall, the Cr contours
confirm that the timing and spatial distribution of the NEPCM phase change, controlled by
0¢, x, and &, play a crucial role in regulating heat transfer under moderate natural convection

conditions.
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Fig. 3. Contours of Cr at Ra = 10* for y = 20 and y = 100, with wall thicknesses § = 0.2 and 0.5, fusion
temperatures 6 = 0.1, 0.4, 0.9, and NEPCM volume fraction ¢ = 3.5%.

Conclusion

Natural convection in complex-shaped cavities containing NEPCM with a volume
concentration of ¢ =3.5% was numerically investigated in this work. The study evaluated the
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impacts of fusion temperature, wall energy parameter, wall thickness, and Rayleigh number
on thermal behavior and heat transfer performance.
The main findings are:

Effect of 6;: low fusion temperatures concentrate high Cr near the cold wall,
delaying effective latent heat absorption, while intermediate 6, promotes optimal
interaction between phase change and natural convection, maximizing thermal
performance and average Nusselt number (Nu). High 0 delays melting and reduces
heat transfer enhancement.

Effect of wall properties (y and §): increasing wall strength and thickness extends
melting regions, promotes uniform Cr distribution, and enhances thermal
regulation, resulting in higher Nu.

Effect of Ra: higher Ra intensifies convection, alters flow structure, and accelerates
NEPCM melting, improving heat transfer.

Overall, NEPCM proves to be a promising solution for thermal management in natural
convection systems, with wall properties and phase-change parameters playing a key role in
achieving optimal heat transfer performance.
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