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ABSTRACT
This study investigates the enhancement of natural convection heat transfer in a differentially heated square cavity by coupling

fluid–structure interaction (FSI) with a nanofluid containing nanoencapsulated phase change material (NEPCM). This con-

figuration is important for improving passive cooling in energy‐efficient technologies, such as electronics, buildings, and electric

vehicles. The novelty of this study lies in the integration of a sinusoidal oscillating flexible fin with latent‐heat‐enhanced
nanofluids in a fully coupled FSI framework. A finite element method is used to solve the governing equations for fluid flow,

heat transfer, and structural motion, with validation through grid independence tests and comparison against benchmark

numerical and experimental data. Parametric studies were performed for fin oscillation amplitude (0.05–0.15), oscillation period

(0.1–0.7), Rayleigh number (10⁴–10⁶), and Stefan number (0.2–0.7). Results show that increasing the amplitude to 0.15 enhances

the mean Nusselt number by up to 10%; lower periods (τfin = 0.1) and Stefan numbers (Ste= 0.2) reduce heat transfer; higher

Rayleigh numbers promote stronger convective currents and better thermal uniformity. These findings offer quantitative

insights for optimizing thermally responsive structures using NEPCM fluids and flexible fins, enabling efficient heat transfer.

1 | Introduction

The implementation of phase change material (PCM) technol-
ogy emerged in the mid‐20th century with advancements in
scientific research in the energy sector. Initially, these materials
were primarily applied in air conditioning systems and thermal
solar panels (collectors). However, their adoption remained
limited due to their low thermal conductivity, a crucial
parameter in heat transfer processes.

To overcome this limitation, a new generation of materials,
nanoencapsulated phase change materials (NEPCMs), was de-
veloped [1]. These materials feature PCM encapsulated within

micro‐ or nanometric structures, which enhances their ther-
mophysical performance by increasing the heat exchange sur-
face area, thus optimizing heat transfer efficiency, and
promoting their usage in cooling of central processing unit [2]
and other electronics [3] applications.

In this study, we focus on the application of NEPCM in closed
cavities subjected to differential heating. The review study of [4]
emphasized many trends towards using this strategy in en-
hancing the storage of energy. However, to this end, we present
below the most significant and recent works that have ad-
dressed this topic. Aissa et al. [5] investigated forced convection
heat exchange in a complex triangular chamber. The study
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analyzed the effect of varying the position of a rotating cylinder,
revealing that the presence of the cylinder can enhance heat
exchange by up to 240%. Abderrahmane et al. [6] examined a
partially wavy cavity containing a flame‐shaped heat source.
The study evaluated the combined effects of wall dynamics,
magnetic field, and porosity, demonstrating that an enhance-
ment in magnetic field intensity and opposite movement of the
lateral walls significantly reduce the convective heat transfer
coefficient. Conversely, a decrease in the Hartmann number led
to a Nu increase ranging from 11.5% to 640%. Abderrahmane
et al. [7] studied a three‐dimensional wavy trapezoidal cavity,
finding that reducing the number of undulations on the lower
wall improves heat transfer. Additionally, for Reynolds num-
bers between 1 and 100, a thermal enhancement of up to 51%
was observed. Ghalambaz et al. [8] investigated thermal trans-
port in a quadrangular circular enclosure filled with an NEPCM
suspension. The study showed that at high Hartmann number
values, heat exchange is reduced due to the Lorentz force's
effect on fluid velocity. Optimal fusion temperature values
(θf = 0.35 and 0.675) were identified, and a higher concentration
of nanoparticles led to improved heat transfer. Aljibori et al. [9]
assessed heat exchange mechanisms and entropy generation in
an NEPCM confined within a cavity altered by embedding wavy
blocks on the upper and lower faces. Using optimal parameters
(ϕ= 0.05) resulted in a 12% increase in Nu and a 33% reduction
in entropy generation. Hussain et al. [10] explored the bio-
convective flow of an NEPCM in a rectotrapezoidal cavity,
demonstrating that the average heat transfer decreases as the
Hartmann, Rayleigh, and Peclet numbers increase. Hussain
et al. [11] examined the magnetobioconvective flow of na-
noenhanced PCM in an H‐shaped cavity containing oxytactic
microorganisms. The study showed that varying the cavity's
aspect ratio (AR) enhances bioconvective flow and PCM
behavior. Moreover, the thermal Rayleigh number and bio-
convective Rayleigh number play key roles in improving heat
transfer.

On the other hand, to control fluid flow within cavities and
natural convection heat transfer, inserting solid bodies—
whether stationary or in motion—has garnered significant
interest among researchers across various fields. The primary
objective is to study the interaction between solid structures
and fluid flow. Below, we present key studies that have explored
the effects of fins and membranes on fluid flow and their
influence on energy transfer. The first study investigating the
effect of a moving fin was conducted by Ghalambaz et al. [12] in
a square chamber subjected to periodic motion. The results
demonstrated that higher oscillation amplitudes of the fin lead
to better heat transfer, with a dimensionless length of L= 0.2
found to be optimal for maximizing this exchange. A similar
study by Alsabery et al. [13] in an oblique cavity analyzed
various parameters, including the ratio of heat transfer rates,
dimensionless elastic modulus, oscillation amplitude, left wall
radiator length, and wall angle of tilt. The findings revealed that
wall inclination significantly improves heat transfer. In the
same context, a study by Shahabadi et al. [14] examined the
coupled effect of a non‐Newtonian fluid and an elastic fin,
showing that the transition between pseudoplastic, Newtonian,
and the dilatant effects causes a decline in heat transfer per-
formance and an increase in the internal stresses in the fin.
Furthermore, in Saleh et al. [15], the effect of two thin and

flexible fins was investigated, demonstrating maximum heat
transfer enhancement when optimizing parameters, such as
opening size and fin oscillation direction. A more recent study
by Tarek et al. [16] explored the impact of complex (wavy)
geometry on the interaction between a solid and a fluid domain.
By integrating a geometric parameter AR into the governing
equations of both the solid and fluid, the authors demonstrated
that effective control of flow dynamics and thermal exchange in
complex cavities is achievable. This study establishes the basis
for new thermal engineering applications based on geometry
optimization. In another study, Tarek et al. [17] examined the
effect of the position of a localized heat source within a fin
(base, center, or tip) on flow behavior and thermal transport.
The findings revealed that heat transfer is minimized when the
heat source is placed at the center of the fin. Several other
studies have investigated membrane interactions with various
fluids to control flow and convective heat transfer driven by
natural forces. For instance, in [18], a study on a circular cavity
subjected to differential heating analyzed the influence of the
Prandtl number over a range of Pr= 0.71–200. Similarly,
Mehryan et al. [19] investigated a trapezoidal enclosure,
revealing that the thermal transfer in the square cavity is 15%
higher than in the trapezoidal one. Recent research [20] focused
on the effect of a vertically oscillating adiabatic bar on heat
transfer in a porous medium.

In a study conducted by [21], the authors investigated the recti-
linear oscillatory motion of two spherical particles along the line
connecting their centers in an axisymmetric, incompressible flow
at low Reynolds number. Their findings showed good agreement
with the analytical solutions for the steady motion of two
spherical particles, as well as with the known behavior of single‐
particle oscillations. A related study conducted by the same
author [22] examines the axisymmetric rotation of two eccentric
spheres immersed in an incompressible couple‐stress fluid within
a porous annular region. The study concludes that the dimen-
sionless couple becomes increasingly significant, as permeability
contributes to the enhancement of parameters, such as particle
size, torque, fluid constraints, and separation distance. In the
same context, the oscillatory behavior of a micropolar fluid
driven by pressure through a hydrophobic cylindrical micro-
annulus under the influence of electroosmotic flow was investi-
gated by [23]. The results indicate that the amplitude of
resistance to microrotation increases significantly with higher
values of the slip and spin parameters. Others, through a
numerical investigation conducted by [24], addressed the en-
hancement of heat transfer and the reduction of irreversibility.
The study focused on the behavior of a hybrid nanofluid and the
analysis of entropy generation in a partially annular chamber.
The results show that the incorporation of anchor‐shaped
fins and the increase in their number significantly enhance
thermal performance while reducing system irreversibility.
The maximum entropy generation was digitally estimated,
revealing an increase of approximately 49.35%. Another
recent numerical study conducted by the same author [25]
investigates entropy generation and hydrothermal perform-
ance under buoyancy effects induced by a floating hybrid
nanofluid. Curved heated fins were added to the inner cyl-
inder, and the results revealed that curved fins represent the
most effective design for enhancing heat transfer. In partic-
ular, Case 4 demonstrated an improvement of 1.74% in
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overall heat transfer with increasing nanoparticle concen-
tration. In [26], the authors examine the hydrothermal
behavior of buoyancy‐driven, magnetized hybrid nanofluid
flow consisting of multiwalled carbon nanotubes, Fe3O4, and
water, circulating between two centrally positioned circular
cylinders. The results indicate that flow velocity increases
with higher Rayleigh numbers, whereas the presence of a
magnetic field and elevated nanoparticle concentrations tend
to reduce the velocity.

While previous works addressed either flexible fins in simple
fluids, or NEPCM materials in static systems, there is a lack of
research addressing the coupled behavior of a deformable
structure interacting with an NEPCM fluid under thermal
convection. This study fills this gap by exploring the combined
impact of structure motion, latent heat storage, and convective
dynamics within a confined square geometry. The square cav-
ity, which can be easily switched to rectangular geometry,
serves as a simplified yet realistic model for many practical
applications (e.g., electronic enclosures, photovoltaic cells, mi-
crothermal systems). The present problem offers quantitative
insights for optimizing thermally responsive structures using
NEPCM fluids and flexible fins, enabling efficient heat transfer
enhancement.

2 | Mathematical Formulation

2.1 | Statement of the Problem and Underlying
Assumptions

The studied problem is illustrated in Figure 1. It involves a
thermoconvective analysis in a square enclosure with side
length L, incorporating thermal coupling with fluid–structure
interaction (FSI). For more generalized analysis, the problem is
treated in dimensionless form. The structural element under

investigation is a thin fin with length of a= 0.25 and width of
b= 0.01, positioned at the midpoint of the lower wall, that is, at
L/2. The working fluid is a homogeneous suspension of na-
nostructured PCM‐filled capsules, well dispersed in a base fluid.
The objective is to analyze the impact of this innovative fluid on
heat exchange and the naturally induced flow field character-
istics inside the cavity.

The boundary conditions are defined by thermally contrasted
sidewalls: the left wall is held at a cold temperature Tc = 0,
whereas the right wall is subjected to a hot temperature Th = 1.
The upper and lower horizontal walls are thermally insulated.
These thermal gradients induce a natural fluid motion, influ-
enced by convective phenomena and FSI effects.

The governing equations of fluid–solid coupling (FSI) in
both the solid (fin) and fluid domains, as well as those
describing the phase change of NEPCMs, are well established in
the literature [6, 12, 17, 27].

We use the following dimensionless parameters:
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2.2 | Solid Domain (Fin)

The equations describing the geometrically nonlinear elas-
todynamic behavior and the energy of the fin are given as
follows [12]:

FIGURE 1 | A physical representation of an equilateral (square) enclosure with a periodically moving fin. [Color figure can be viewed at

wileyonlinelibrary.com]
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are, respectively, the density ratio and thermal diffusivity, the
ratio parameter.

Assuming a linearly elastic behavior for the fin and incorporating
geometric nonlinearity, the stress tensor is formulated
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The following formula defines the dimensionless displacement
at fin's tip:

x a πt τ= sin(2 / )fin fin fin (6)

with afin and τfin are the nondimensional oscillation amplitude
and period.

2.3 | Fluid Domain (NEPCM)

The working fluid is an NEPCM encapsulated nanoparticles
dispersed in a base fluid. To facilitate the numerical solution,
assumptions are made while keeping the acceptable physical
approximations [5].

• The NEPCM consists of a core (PCM) and a shell.

• The fusion of the PCM occurs at Tf, where ∈T T T] ; [f c h .

• Boussinesq approximation for the fluid.

• Steady and incompressible flow.

• A local thermal equilibrium is assumed between the na-
noparticles and the base fluid.

The mass properties of a suspension are expressed by:

Let us begin with the density of the mixture, which can be
expressed as given below [29]:

ρ ϕρ ϕ ρ= + (1 − ) .b p f (7)

In this equation, ϕ is the concentration of NEPCM particles, ρ
refers to the density of the NEPCM nanoparticles, and ρf indi-
cates the density of the base fluid.

The PCM particles encapsulated at the nanometer scale, being
synthesized in the form of a core and a shell, have their effective
density evaluated as follows:

ρ ιρ ι ρ ρ ρ= + (1 + ) / .b c c s s (8)

Here, the indices s and c refer to the shell/core, respectively,
while l indicates the weight ratio of the core relative to the shell.

The specific heat capacity of a mixture can also be formulated as
follows [30]:

C ϕ ρ C ϕρ C ρ= (1 − ) + / .p p pb f f p p b (9)

The total heat capacity of a nanoparticle that is encapsulated
can be determined in the following manner:

Cp Cp ιCp ρ ρ ρ ιρ ρ= ( + ) /( + ) .sb c,l c s s c p (10)

The PCM core's specific heat, marked by the index c,l, is
determined as the mean of the liquid/solid specific heat
capacities [30]:
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The following equation can be used to evaluate the volumetric
thermal expansion of the nanoparticle mixture and the
base fluid [31]:

β ϕβ ϕ β= + (1 − ) .b p f (12)

The thermal conductivity and dynamic viscosity of the mixture
of the nanoparticle and base fluid can be modeled using the
following linear relations [31]:

k

k
Ncϕ= 1 + .b

f
(13)

Here, Nc refers to the thermal conductivity.

μ

μ
Nvϕ= 1 + ,b

f
(14)

where Nv denotes the dynamic viscosity.

In our study, we consider that Nc and Nv are constants, or we
observe that the synthesized nanofluid represents the depen-
dency of the suspension on a variation in the nanoparticle's
concentration. These relations are valid only for ϕ< 5%.

The core PCM considered in this study undergoes a phase
change, necessitating the inclusion of latent heat in the calcu-
lation of its specific heat. To account for this, a sinusoidal
profile is used to model the latent heat component within the
specific heat during the phase transition.
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The continuity, momentum (x and y components), and heat con-
servation equations for the mixture can be formulated as follows:
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Cr ρC ρC= ( ) /( ) ,p pb f (19)

where Cr denotes the mixture's thermal capacity ratio, which
can be explained by [32]
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where f can be expressed as [32]
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where Tf is the dimensionless fusion temperature, k is the ratio
of sensible heat capacity, and d is the dimensionless fusion
range.

The term ( )( )ρ ρ
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accounts for both latent

and sensible heat contributions. TMr indicates the phase change
interval temperature, which is assumed to be narrow. The
Stefan number is typically introduced as [32]
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Equation (22) can be written as follows:
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2.4 | Boundary Conditions

Tc = 0 and Th = 1 on the lateral walls (right and left, the base of
the fin at Th = 1, and the upper and lower walls) are assumed to
be adiabatic.

Thermal equilibrium between the fluid and the solid is

∂

∂
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∂
k
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t
k Ncϕ

T

t
= (1 + ) .s f (26)

The corresponding boundary conditions for the fluid–structure
coupling are written as follows [15]:
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P = 0.

Ultimately, the key parameter in this investigation is the Nus-
selt number. The local convective heat transfer rate, represented
by the Nusselt number, along the heated boundary is given by
[33]

Nu h L k= /y (28)
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After mathematical simplification, the following expression rep-
resents the average Nusselt number:
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3 | Numerical Simulation

For solving the problem numerically, The finite element
method based on the Galerkin approach to discretize the gov-
erning equations of both the solid (fin) and fluid domains, as
well as the boundary conditions. A more in‐depth analysis of
this method is examined in [34, 35]. The coupling between the
two phenomena—FSI and NEPCM behavior—is ensured
through a monolithic coupling approach. A comparison
between this method and the partitioned method is discussed in
[36]. In this approach, the governing equations of the phe-
nomena are solved simultaneously using an implicit time‐
stepping scheme and a first‐order upwind spatial discretization.
Since the structure moves with a periodic motion, a moving
mesh is essential to track the fin's displacement and dynami-
cally adapt the fluid mesh around it [34, 35, 37].
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The time integration was carried out using a fully implicit
backward differentiation formula (BDF) scheme to ensure sta-
bility for transient coupled problems. The linear systems arising
from each time step were solved using a direct solver parallel
direct sparse solver, with relative tolerance set below 10⁻⁶ to
ensure numerical convergence. The entire numerical procedure
was implemented in COMSOL Multiphysics, which allows
direct coupling of fluid, thermal, and structural physics. The
built‐in Moving Mesh (Arbitrary Lagrangian–Eulerian [ALE])
and FSI interfaces were used to handle the domain deformation
and the fin's motion.

To ensure the convergence of the numerical method, the re-
siduals were monitored at each iteration. Figure 2 shows the
evolution of the residuals versus the number of iterations for a
representative case, confirming stable convergence below the
threshold of 10⁻⁶.

3.1 | Mesh Testing and Time Step

In this section of the study, we present the meshing model used.
To capture the structural motion, we employed the
ALE approach moving mesh method, which combines the
advantages of both Eulerian and Lagrangian formulations.
Figure 3 provides an overview of the types of meshes used in
this study. Compared with partitioned approaches, the mono-
lithic coupling scheme adopted here provides better numerical
stability and stronger convergence behavior, especially when
dealing with large structural deformations or tight thermal–
mechanical interactions.

For the fluid domain, a triangular mesh was applied, as it is
ideal for capturing thermal boundary layers and regions with
high velocity gradients. For the solid domain, quadrilateral
elements were used, as they provide better accuracy in calcu-
lating deformations and stresses on the flexible fin.

To ensure the consistency of the numerical results (average Nusselt
number) is independent of mesh refinement beyond a certain
resolution, a mesh sensitivity test was conducted. Four mesh
generations were considered: coarse, intermediate, fine, and very
fine. The number of elements associated with each generation is
presented in Table 1. The numerical results for these mesh gen-
erations are shown in Figure 4, which illustrates the effect of the
number of elements on the development of the Nusselt number
over dimensionless time at Ra=105 and Ste=0.313.

It is noticeable that as the number of elements increases from
Case 1 to Case 4, the curves converge. Beyond Cases 3 and 4, an
exact match is recorded, indicating that further refinement has

FIGURE 2 | Convergence behavior of the iterative solver showing

the residuals as a function of iteration number for the case Ra= 10⁵ and
Ste= 0.3. [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 3 | Mesh structure developed for the model under investigation.
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a negligible impact. On the basis of this observation, Case 3 was
selected (corresponding to 10,550 domain elements and 353
boundary elements), as improvements beyond this point are
insignificant.

3.2 | Validation

Before presenting the results of the numerical model, it is es-
sential to validate it to ensure its accuracy and reliability. The
validation process is carried out by contrasting the results
obtained with the existing literature findings.

We begin with a numerical validation using the classical
benchmark case of De Vahl Davis, which involves a differen-
tially heated square cavity, with the left wall subjected to
heating and the right wall to cooling. The validation results are
presented in Table 2. The computational findings show an error
of less than 1% for Rayleigh numbers Ra= 104, 105, and 106,
which can be attributed to differences in spatial discretization,
time‐stepping schemes, or physical assumptions.

A second validation was performed against an experimental
investigation carried out by Calcagni et al. [40], where the au-
thors investigated the effect of a heat source with varying length
ratios on the Nusselt number. The numerical results, presented
in Figure 5, correspond to Ra= 1.20 × 105 with a heat source
length ratio of 4/5. The comparison demonstrates a remarkable
consistency between the numerical and experimental findings.

A final validation was conducted using a study by [27], which
analyzed the natural convection and heat transfer in a chamber
filled with an NEPCM suspension. Figure 6 presents a compar-
ison of the dependence of the average Nusselt number of the
melting temperature Tf for Ste= 0.313 and Ra= 105, showing
very good agreement. Figure 7 further compares isotherms,
streamlines, and the heat capacity ratio for a melting temper-
ature of Tf = 0.3. The results demonstrate that the streamlines
and thermal profiles are in good agreement with those reported
in the literature.

TABLE 1 | Sensitivity testing of the mesh involves evaluating dif-

ferent mesh sizes to assess their impact.

Cases

1 2 3 4

Domain elements 3678 5337 10,550 16,004

Boundary elements 239 250 353 415

FIGURE 4 | Grid convergence testing for the Nusselt number on the hot wall across various grid configurations with Ra= 105, afin = τfin = 0.1,

and Ste= 0.313. [Color figure can be viewed at wileyonlinelibrary.com]

TABLE 2 | Validation of the Nusselt number results compared

with literature results for three Rayleigh numbers of 104, 105, and 106.

Ra

104 105 106

De Vahl Davis [38] 2.2430 4.5190 8.8800

Sathiyamoorthy and
Chamkha [39]

2.2530 4.5840 8.9210

Present study 2.2452 4.532 8.8250

Error (%) 0.3 0.28 0.6
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All these comparisons confirm the reliability of the developed
numerical model for simulating Natural convection combined
with fluid–structure coupling in a fluid containing NEPCMs.

4 | Results and Discussions

In this section, we reach the pivotal aspect of this study, where
we present and analyze the results obtained. This study centers
on the effects of the fin oscillation, the convection forces
characterized by the Rayleigh number Ra (104, 105, and 106),
and the Stefan number Ste, which is essential for capturing the
phase change behavior. Additionally, we investigate the influ-
ence of the fin's periodic motion parameters, namely, the
amplitude afin (0.05, 0.1, and 0.15) and the frequency τfin (0.1,
0.3, 0.5, and 0.7), on heat exchange by natural convection. The
results are analyzed in terms of the average Nusselt number, as
well as the distribution of streamlines and isotherms. All other
dimensionless parameters are kept constant throughout the
study. The solid/fluid thermal conductivity ratio is fixed at
Ks = ks/kf = 10. The thermal conductivity number and the
dynamic viscosity number are both set to Nc=Nν= 3. The
dimensionless Young's modulus is taken as E= 1011, while the
fusion temperature is fixed at Tf = 0.5. The proportion of vol-
ume taken up by NEPCM particles is set to ϕ= 0.05.

Figures 8 and 9 illustrate the influence of the horizontally
oscillating vertical fin and the variation of the Rayleigh number
on flow structure and heat transfer, through the analysis of
isotherms and streamlines.

In Figure 8, we observe the formation of large primary circu-
lation cells in the core of the cavity. The fluid flow follows a
natural convection pattern: it gains energy upon contact with
the hot left wall and receives an additional thermal input near
the fin. It then moves horizontally along the adiabatic upper
wall, where no thermal exchange occurs, before descending
along the cold right wall, where it releases its energy. This cycle
repeats throughout the simulation. The presence of the flexible
fin perturbs the core flow from below, causing a deviation in
the fluid trajectory from right to left. Streamlines become
denser and more intense near the fin, indicating that the fluid
absorbs additional energy when the hot structure oscillates.

As for the isotherms, they appear denser near the left and right
walls—where thermal sources are located—as well as at the base
and around the heated flexible structure. In the core region of the
cavity, the isotherms tend to align horizontally, indicating a more
homogeneous thermal mixing of the fluid. In approximately three‐
quarters of the cavity, the isotherms remain relatively unaffected by
the fin oscillation. However, in the lower part of the cavity, the
isotherms clearly adapt to the periodic motion of the structure.

The simulations conducted show that the position of the flexible
fin significantly affects the thermal behavior of the NEPCM‐
based fluid. When the fin is placed at the center of the cavity, it
interacts more efficiently with the convection cells, which
promotes stronger heat exchange. This configuration maximizes
the quantity of latent heat absorbed by the NEPCM, resulting in
a higher heat capacity ratio (Cr). Conversely, when the fin is
located near the lateral walls (right or left), it is less exposed to

FIGURE 5 | A comparison between the local Nusselt number and the experimental work performed by Calcagni et al. [40] and the current

numerical study. [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 6 | A comparison between the Nusselt number by Ghalambaz et al. [27] and the current numerical study. [Color figure can be viewed at

wileyonlinelibrary.com]

FIGURE 7 | A comparison between isotherms, flow patterns (streamlines), and the ratio of heat capacities for a melting temperature of Tf = 0.3,

by Ghalambaz et al. [27] and the current numerical study. [Color figure can be viewed at wileyonlinelibrary.com]
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regions with strong temperature gradients, which limits the
thermal activation of the NEPCM and leads to a lower Cr.

In Figure 9, the influence of the Rayleigh number on the distri-
bution of streamlines and isotherms and heat capacity ratio Cr are
shown, with fin parameters set to afin = τfin = 0.1 and Ste=0.313.

For Ra= 10⁴, the flow is weak, characterized by a single large
primary cell and a secondary one near the fin. The streamlines
are sparsely distributed, indicating low fluid velocities and
limited interaction with the flexible structure. Upon increasing
the Rayleigh number to 10⁵ and 10⁶, the main circulation

cell becomes more organized and intense. The fluid velocity
increases significantly, and secondary vortices appear near the fin.
The streamlines become denser throughout the cavity, reflecting
stronger convective effects.

Regarding isotherms, for Ra= 10⁴, they remain nearly vertical
and parallel to the sidewalls, indicating that heat transfer is
dominated by conduction. In this regime, the presence of the
flexible structure and NEPCM particles has a limited impact.
However, as Ra increases to 10⁵ and 10⁶, the isotherms begin to
curve horizontally and rise near the heated wall, signaling the
onset and intensification of convective transport. A thermal

FIGURE 8 | The effect of fin oscillation on the behavior of isotherms, streamlines, and the heat capacity ratio Cr Ra= 105, afin = τfin = 0.1, and

Ste= 0.313 (t= 0.685 left, t= 0.7 center, and t= 0.728 right). [Color figure can be viewed at wileyonlinelibrary.com]
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plume develops upward from the hot wall, marking a transition
toward convection‐dominated behavior.

The periodic motion of the free fin tip becomes increasingly evident
with higher Ra, as streamlines adapt to the structural oscillation.
The moving fin enhances disturbance in the thermal field, pro-
moting better fluid mixing. In parallel, the NEPCM begins to
absorb and redistribute heat more actively, playing the role of a
thermal buffer with noticeable effects on the melting zone.

Furthermore, the evolution of Cr with respect to the Rayleigh
number (Ra) confirms the importance of natural convection in

determining the thermal performance of the system. At low Ra
(10⁴), heat transfer is dominated by conduction, limiting ther-
mal interactions and resulting in a lower effective heat capacity.
As Ra increases (up to 10⁶), the strength of the convective rolls
becomes more pronounced, enhancing thermal mixing and
allowing the NEPCM to absorb and store more energy. Conse-
quently, Cr increases with Ra, indicating that the NEPCM
performs more efficiently under strong convective regimes.

Figure 10 illustrates the effect of the Rayleigh number (Ra=
10⁴, 10⁵, and 10⁶) on the evolution of the average Nusselt
number, for fixed parameters afin = τfin = 0.1 and Ste= 0.313.

FIGURE 9 | The effect of convection forces (Ra= 104, 105, and 106) on the behavior of isotherms, streamlines, and the heat capacity ratio Cr for

afin = τfin = 0.1, Ste= 0.313, and t= 0.7. [Color figure can be viewed at wileyonlinelibrary.com]
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In the low Ra regime (Ra= 10⁴), the flow regime is nearly
conductive. The temperature gradients are weak, resulting in
minimal heat transfer rates, with average Nusselt numbers close
to 1, typical of pure conduction. As Ra increases to 10⁵, the
regime transitions to a mixed or transitional state. Thermal
gradients along the cavity walls become more pronounced,
leading to a significant increase in the Nusselt number, which
approaches values around 4. Whereas, for Ra= 10⁶, the flow
becomes strongly convective. Hot fluid is rapidly displaced from
the heated left wall and the lower region near the moving fin,
enhancing the cooling efficiency along the cold right wall. This
leads to steeper thermal gradients and intensified heat transfer.
Consequently, the average Nusselt number exceeds 8, reflecting
the dominance of convective heat transport in this regime.

Figure 11 illustrates the effect of the Stefan number (Ste= 0.2,
0.313, 0.5, and 0.7) concerning the development of the average
Nusselt number, for fixed parameters afin = τfin = 0.1 and Ra=
10⁵. The numerical results reveal a decreasing trend in the
average Nusselt number as the Stefan number increases. This
behavior can be explained by the fact that a higher Ste promotes
faster melting of the NEPCM, thereby reducing the time during
which latent heat significantly contributes to the heat transfer
process. Once the NEPCM is fully melted, it behaves as a
conventional fluid, and the thermal gradients required to sus-
tain efficient heat exchange diminish. As a result, the system's
overall heat transfer capability declines, especially in the pres-
ence of a flexible fin, whose dynamic thermal enhancement is
weakened as the temperature field becomes more uniform.

The combined analysis of the effects of amplitude (afin) and
period (τfin) of the periodic motion of the flexible fin high-
lights their significant influence on heat transfer for fixed
parameters Ste = 0.313 and Ra = 10⁵ (see Figures 12 and 13).
For small amplitudes (afin = 0.05) (Figure 12), the distur-
bance of the velocity field remains limited, which restricts
thermal mixing and results in a relatively low average
Nusselt number. As the amplitude increases to afin = 0.1,
substantial FSI becomes more pronounced, generating
stronger vortical structures and enhancing heat exchange.
However, beyond this value (afin = 0.15), the oscillation may
become overly intense, potentially inducing chaotic effects or
misaligned recirculation zones that can hinder heat transfer
efficiency.

With respect to the oscillation period (Figure 13), a very short
time (τfin = 0.1) corresponds to a high frequency, causing the fin
to move too rapidly for the fluid to respond effectively. This
limits thermal penetration and reduces the Nusselt number.
Intermediate periods (τfin = 0.3 and 0.5) allow for optimal cou-
pling between the fin's motion and the natural fluid dynamics,
promoting the formation of organized convective structures and
maximizing heat transfer. Conversely, a longer period (τfin =
0.7) slows down fluid agitation and reduces the frequency of
disturbances, leading to a decline in thermal performance. It
can thus be concluded that a moderate amplitude combined
with an intermediate period represents the most effective con-
figuration for enhancing the thermal performance of the system
under investigation.

FIGURE 10 | The effect of convection force (Ra= 104, 105, and 106) on the average Nusselt number for afin = τfin = 0.1 and Ste= 0.313. [Color

figure can be viewed at wileyonlinelibrary.com]
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FIGURE 11 | The effect of Stefan number (Ste) on the evolution of average Nusselt number for Ra= 105 and afin = τfin = 0.1. [Color figure can be

viewed at wileyonlinelibrary.com]

FIGURE 12 | The impact of the fin's amplitude (afin) concerning the development of the average Nusselt number when Ra= 105, τfin = 0.1, and

Ste= 0.313. [Color figure can be viewed at wileyonlinelibrary.com]
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5 | Conclusions

The key findings of this numerical investigation into the effect
of a sinusoidally oscillating flexible fin in a square cavity filled
with NEPCM particles are as follows:

• The periodic motion of the flexible fin introduces signifi-
cant improvements in the primary natural convection flow.
This leads to localized enhancement of heat transfer,
especially in the lower part of the cavity.

• Increasing the Rayleigh number from 10⁴ to 10⁶ transitions
the system from a conduction‐dominated regime to a
convection‐dominated one. This results in stronger inter-
actions between the fluid, the NEPCM, and the moving fin,
reflected by a marked increase in the average Nusselt
number.

• A higher Stefan number accelerates the melting process
of the NEPCM particles, reducing their ability to store
latent heat. This weakens the thermal effect of the
fin and slightly degrades the overall heat transfer
performance.

• When the flexible fin is located at the center of the cavity,
the interaction with the natural convective flow is maxi-
mized, leading to an increase in the heat capacity ratio (Cr),
particularly at higher Ra.

• Optimal heat transfer is achieved with a moderate ampli-
tude (e.g., 0.1≤ afin≤ 0.15) and an intermediate oscillation
period (e.g., τfin = 0.3–0.5). These conditions provide the
best synchronization between structural motion and
thermal fluid response.

Future Work

To further develop this study, future studies may extend the
model to three‐dimensional domains, consider more complex
fin geometries, or include various excitations to the flexible fin.

Nomenclature

a, b length and width of fin (m)

afin fin amplitude

Cf heat capacity per unit of mass (J·kg−1·K−1)

Cr heat capacity ratio

ds displacement vector

E Young's modulus

f dimensionless phase transition function

Fv body force vector

g gravitational acceleration (m·s−2)

h thermal convective coefficient (W·m−2·K−1)

k thermal conductivity (W·m−1·K−1)

L cavity length (m)

Nc conductivity parameter

Nu Nusselt number

Nυ viscosity parameter

P dimensionless pressure

Pr Prandtl number

Ra Rayleigh number

FIGURE 13 | The impact of the fin's frequency (τfin) concerning the development of the average Nusselt number when Ra= 105, afin = 0.1, and

Ste= 0.313. [Color figure can be viewed at wileyonlinelibrary.com]
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Ste Stefan number

t dimensionless time

TMr phase change temperature (K)

u, v dimensionless velocity components

u°, v° dimensional velocity components (m·s−1)

xfin horizontal displacement of the fin

x, y and X, Y dimensional and dimensionless Cartesian co-
ordinates (m)

Greek Symbols

α thermal diffusivity (m2·s−1)

δ nondimensional parameter of fusion range

ι core‐shell weight ration

λ ratio of the heat capacity of the NEPCM nanoparticles to the
base fluid

μ dynamic viscosity (kg·m−1·s−1)

ν kinematic viscosity (m2·s−1)

υ Poisson's ration

ϕ volume fraction of NEPCM nanoparticles

ρ density (kg·m−3)

σ stress tensor

τ period of fin

τfin fin period

Subscripts

b suspension's bulk properties

c core of NEPCM particles/cold wall

f fusion property/fluid/base fluid

h hot

l liquid cores

P encapsulated nanoparticles

r ratio

s nanoparticles' shell
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