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Abstract
The improvement of heat transfer and energy storage are crucial tasks in many renewable energy applications. The thermal 
and hydrodynamic performances of a nano-encapsulated phase change material (NEPCM) suspension are investigated under 
a mixed convective heat transfer regime inside a trapezoidal enclosure. As the host fluid and dispersed NEPCM particles 
circulate in the enclosure, the nanoparticle cores absorb/release heat and undergo a phase transition process, enhancing heat 
transfer. The governing equations were scaled into a general non-dimensional format and then solved by the finite element 
method. The influence of nanoparticles fusion temperature and concentration, as well as the wavy wall characteristics and 
Richardson number, was addressed on heat transfer. A suitable fusion temperature of the nanoparticles can boost the heat 
transfer rate by 8%. Furthermore, by employing 5% NEPCM particles at a dimensionless fusion temperature of 0.1, the 
Nusselt number achieved was 9.05. This marks a significant 37% rise when contrasted with a base fluid, which only had a 
Nusselt number of 5.7.

Keywords  Wavy wall lid-driven enclosure · Nano-encapsulated phase change material suspension · Mixed convection · 
Heat transfer enhancement

Introduction

The use of nano-encapsulated phase change materials (NEP-
CMs) has found important applications in heat transfer sys-
tems. NEPCMs are nano-sized capsules containing phase 
change materials (PCMs) that absorb, store, and release heat 

during phase transitions [1, 2]. This unique property makes 
them ideal for enhancing the thermal performance of vari-
ous systems, including electronic devices [3], solar thermal 
systems [4], and foods [5].

In the context of heat transfer, mixed convection plays a 
crucial role in determining the efficiency of a system. Mixed 
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convection, a combination of natural and forced convection, 
is a complex phenomenon that occurs when the buoyancy 
forces and shear-induced forces are of comparable magni-
tude. The study of mixed convection of NEPCM suspensions, 
therefore, becomes essential in optimizing the thermal per-
formance of systems employing these materials [6, 7].

The geometry of the system also significantly influences 
the heat transfer characteristics. In this regard, the trapezoid 
cavity, due to its non-uniform cross section, presents an 
interesting case for the study of mixed convection [8, 9]. 
The wavy wall of the trapezoid cavity further adds to the 
complexity of the flow and heat transfer phenomena [10]. 
The lid-driven flow in such a cavity, induced by the motion 
of one of the walls, is a common feature in many engineering 
applications, including lubrication technologies, cooling of 
electronic equipment, and process engineering.

The present research aims to investigate the complex inter-
play between the mixed convection phenomena, the unique 
properties of NEPCM suspensions, and the intricate geom-
etry of a wavy wall lid-driven trapezoid cavity. The literature 
review related to these aspects is briefly explored here.

The literature on mixed convection in lid-driven cavities 
is extensive. Early studies focused primarily on the case of 
a square cavity with smooth walls. For instance, the works 
of Shankar and Deshpande [11] and Ece and Buyuk [12] 
provided valuable insights into the flow patterns and heat 
transfer characteristics in such systems. However, the focus 
has gradually shifted toward more complex geometries 
and boundary conditions, reflecting the practical scenarios 
encountered in engineering applications. Recently, several 
configurations of the mixed convection heat transfer have 
been monitored to gain a better understanding of the 
thermal and hydrodynamic performances, such as mixed 
convection in lid-driven cavities in the presence of rotating 
cylinder [13], double-pipe heat exchanger [14], internal heat 
generation [15], partial porous media [16], cylindrical [17], 
and square cylinders [16]. The wavy wall enclosures have 
also received considerable attention [18].

Very recently, the free convection of NEPCMs in enclo-
sures has received notable attention. Simple geometries, 
such as rectangles [19], and also complex geometries, such 
as T-shape [20], grooved wall [21], infinite-shaped [22], and 
crescent [23], have been investigated. However, the study 
of mixed convection of NEPCM suspensions in complex 
geometries has remained relatively unexplored. A few stud-
ies, such as those by Herouz et al. [24] and Qasem et al. [10], 
have evaluated the mixed convective heat transfer of NEP-
CMs inside hexagonal [24] and trapezoidal [10] lid-driven 
cavities. The mixed convection of NEPCM suspensions in 
the presence of rotating cylinders [25, 26] is another aspect 

of mixed convection flows, and its mixed convection flow 
nature is completely different from lid-driven cavities.

Despite the intricate nature of convective heat transfer in 
NEPCM suspensions within mixed convection flows, there 
is a noticeable lack of comprehensive studies in the literature 
addressing this specific topic. Most of the available litera-
ture has investigated the natural convection heat transfer of 
NEPCM suspensions. However, mixed convection induces 
completely different convection heat transfer characteristics 
due to the involved forced convection features of the fluid 
flow. Thus, the present study aims to address the mixed con-
vection heat transfer of NEPCM suspensions in a wavy wall 
lid-driven trapezoidal cavity.

Physical model

Model description

Figure 1 presents a diagrammatic representation of a long, 
two-dimensional trapezoidal enclosure with a wavy base. 
This enclosure is filled with a blend of water and NEPCM. 
The model is two-dimensional due to the extended length 
of the enclosure. The nanoparticles within the mixture take 
up a specific volume ratio, symbolized as ϕ, which fills the 
cavity. The top cold-driven lid of the enclosure, denoted as 
Tc, moves at a velocity, Ut, to the right. Conversely, the bot-
tom wall maintains a high temperature, symbolized as Th. 
The enclosure’s bottom length L, and height H are equal, 
such that L = H.
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Fig. 1   A schematic representation of the wavy wall trapezoidal cav-
ity’s model and computational domain
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The nanoparticles, depicted in an enlarged view in Fig. 1, 
are encapsulated in a PCM. The PCM core transitions between 
liquid and solid states, enabling the absorption or release of 
latent heat at a fusion temperature Tf, where Tf adopts magni-
tudes between Tc and Th. Figure 1 also illustrates the various 
stages of a nanoparticle’s phase change cycle, including states 
like a liquid hotcore, a solid coldcore, and a regular state.

The wavy bottom wall is controlled by a parameter, 
wavenumber (λ), and wave amplitude A, while η symbolizes 
the angle of the trapezoidal shape, as shown in Fig. 1. Each 
nanoparticle is composed of a nonadecane core (PCM) and 
polyurethane (PU) shell. This type of NEPCM suspension 
was adopted as it was synthesized and examined in [27]. The 
NEPCM mixture is uniform, with minimal slippage between 
the base fluid and the nanoparticles inside.

Considering the minuscule size of these encapsulated 
particles, there is no significant temperature difference 
within the particles, making them apt for the lamp model of 
nanoparticles and phase change within particle cores. The 
primary properties of the host fluid, the PCM core, and the 
shell are listed in Table 1. Notably, the core’s fusion latent heat 
and temperature are 211 kJ kg−1 and 32 °C, respectively, as 
examined by Barlak et al. [27].

The wavy wall is defined by the equation:

In this equation, λ signifies the wavelength, and A 
represents the amplitude of the wave.

Governing equations

The governing equations for heat transfer of NEPCM in 
the enclosure are the conservation of mass, momentum, 
and energy, which can be expressed as [28, 29]:

(1)y = A × sin(2�(x∕�))

(2)∇� = 0

(3)�b(�.∇)u = −∇p + �b∇
2
� + �b�bg

(
T − Tc

)

(4)
(
�Cp

)
b
�.∇T = kb∇

2T

where the bold symbols show the vector field. Here, u is the 
velocity field (including x-velocity u and y-velocity v), and 
T is the scaler temperature field. The gravity field is denoted 
by g. The properties of thermal conductivity (k), density 
(ρ), dynamic viscosity (μ), and volume expansion (β) are 
used in the equations. The subscript b indicated the NEPCM 
suspension. The no-slip and no-permeability were applied 
on all surfaces. The lid velocity is considered as u = Ut. For 
the sidewalls ∂T/∂n = 0 where n is the surface normal. For 
the top wall T = Tc and for the bottom wall T = Tc. A refer-
ence pressure point p = 0 was also considered at the bottom 
left corner.

More details about the heat capacity of NEPCM 
particles and other bulk properties can be found in [28]. 
The densities of NEPCM suspension and NEPCM particles 
are computed as [30]:

where subscript f and sh denote the base fluid and 
NEPCM shell. Here, ι and φ are the core–shell mass ratio 
(ι ~ 0.447[27]), and NEPCM concentration, respectively. The 
heat capacities of the suspension (Cpb) and NEPCM particle 
with no phase change (Cpp) are evaluated as [30–32]:

The total specific heat capacity of the nanoparticle core, 
including sensible and latent heat, is evaluated as [30, 33]:

(5)�b = (1 − �)�f + ��p

(6)�p = (1 + �)
(
�co�sh

)(
�sh + ��co

)−1

(7)Cpb =
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�b
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(
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)(
�co�sh

)
(
�sh + ��co

)
�p

(9)

Cpc =Cpco,l +
�
2

(

hsf
�T

− Cpco,l

)

sin
(

�
T − Tf + �T∕2

�T

)

×

⎧

⎪
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⎪

⎩

0 T < Tf − �T∕2
1 Tf − �T∕2 < T < Tf + �T∕2
0 T > Tf + �T∕ 2

Table 1   Thermophysical 
properties of the shell (PU) and 
core (Nonadecane) of NEPCM 
particles as well as the host fluid 
[27]

* The latent heat fusion for NEPCM cores is 211 kJ.kg−1, and their phase change temperature stands at 32 
°C [27]

ρ/kg m−3 μ/kg m−1s−1 Cp /kJ kg−1K−1 k/W m−1K−1 β/K−1

Nonadecane* 721 – 2037 – –
Host fluid 997.1 8.9 × 10–4 4179 0.613 21 × 10–5

PU 786 – 1317.7 – 17.28 × 10–5
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where the subscripts p, co, and l represent the NEPCM par-
ticle, NEPCM core, and core in liquid form, respectively. 
The symbol hsf is the latent heat of phase change, Tf denotes 
the fusion temperature, and δT is the phase change inter-
val. By substituting Eq. (9) in Eq. (8), the effective specific 
heat capacity of the NEPCM particle can be obtained. The 
suspension’s effective thermal expansion, effective thermal 
conductivity, and effective dynamic viscosity are computed 
using [33–35]:

where Nc and Nv can be obtained by curve fitting on 
experimental data. For more details, see [28].

Scaling the governing equations

To reveal the inherent characteristics of the NEPCM 
suspension, the governing equations and their associated 
boundary conditions undergo a remarkable transformation, 
transitioning into a realm characterized by dimensionless 
quantities. As a result, a collection of non-dimensional 
variables gracefully enters the spotlight, choreographing 
a magnificent and captivating metamorphosis.

By invoking the scaled parameters, the governing 
equations are reduced to a scaled format:

where the term (1 − �) + �� + �
f

�Ste
 can be considered 

as heat capacity ratio (Cr). Richardson (Ri), Reynolds 
(Re), Prandtl (Pr), Grashof (Gr), and Stefan numbers are 
introduced based on host fluid as:

(10)�b = (1 − �)�f + ��p

(11)
kb
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= 1 + Nc�
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�f

= 1 + Nv�

(13)
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The remaining dimensionless parameters are the heat 
capacity ratio (λ) and scaled phase transient interval (δ):

Besides, it was assumed that the NEPCM expansion is 
close to the host fluid and using data in Table 1; hence, 
(βb/βf) ~ 1 and (ρp/ρf) ~ 0.74. Ultimately, f is obtained in a 
transformed as:

and �f =
Tf−Tc

Th−Tc
 . The bottom wavy shape is transformed into 

the following scaled format:

Ultimately, the zero velocity and permeability (U = 0) 
were applied to all surfaces, and the lid velocity was 
scaled as non-dimensional x velocity = 1. The insulated 
walls were explained as ∂θ/∂N = 0, and the top and 
bottom surfaces are thermally defined as θ = 0, and θ = 1, 
respectively.

Characteristics parameters

The local Nusselt number, Nul = hH/kf is obtained as:

in which, h is the coefficient of the convective heat transfer. 
The average Nusselt (Nu) is obtained by integration as:

where L is the scaled characteristics length along the wall. 
Ultimately, the scaled stream function (ξ) is computed as:
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where −∇ × � represents the curl of the flow velocity vector. 
Besides, ξ = 0 was applied on all surfaces as the boundary 
condition [36, 37].

Numerical method and model verification

Finite element numerical method

The FEM was utilized to decipher the fundamental equations 
along with their initial conditions and boundary parameters. 
This approach was successful in managing nonlinear sink/
source parameters that arose from phase transition (refer to 
[38, 39]). By using a weak form of the primary equations 
and a second-order approximation for heat and momentum 
equations, the Gauss quadrature integration was used at an 
elemental level to create a set of algebraic residual equations. 
The Newton method [38, 39] was employed to solve these 
equations iteratively and interdependently, incorporating 
a damping coefficient of 0.8 to enhance convergence. 
In conjunction with the Newton method, the PARDISO 
parallel solver was used to enable parallel computations 
across multiple processing units (refer to [40, 41]). A relative 
solution precision of O(10–4) was used for computations.

Mesh study

The impact of grid size on accuracy of the results was 
evaluated by simulating the mixed convection heat transfer 
of NEPCM suspension for a test scenario with Ste = 0.3, 
ω = 1/2, φ = 0.05, Re = 100, Ri = 1.0, δ = 0.05, λ = 0.33, 
a = 0.15, θf = 0.2, Nv = 12.5, η = 60°, Pr = 6.2, and Nc = 23.8. 
A structured mesh divided the solution domain, with the 
size of the mesh defined by the mesh resolution parameter, 
Nm. The details of the created structures and the computed 
average Nusselt number are showcased in Table 2. The local 
Nusselt number is also plotted in Fig. 3 along the hot wall 
(Fig. 2).

(23)∇2� = −∇ × �

A structured grid partitioned the model’s domain, with 
the grid size determined by the grid resolution parameter. 
Table 2 presents the specifics of the generated structures and 
the calculated average Nusselt number. The local Nusselt 
number is also graphically represented in Fig. 3 along the 
hot wavy surface.

Table 2 demonstrates a consistent and noticeable increase 
in computational requirements as the mesh resolution esca-
lates. This trend is expected as the quantity of mesh ele-
ments and edge elements grows in tandem with the mesh 
resolution. The mesh Case III yields an error of only 0.09% 
compared to a very fine mesh Case V, which is satisfac-
tory for the graphical representation of the results and most 
practical applications. Consequently, the mesh case III was 
selected for the remaining simulations. Figure 3 provides a 
visualization of the chosen mesh.

Model validation

In order to assess the reliability of the employed code, this 
study compares its results with two previously published 
works. Firstly, Nu from the current research is checked 
against the findings of [42], who investigated the free con-
vection of Cu-water inside an annulus. Table 3 lists Nu 
of the current research and the ones presented in [42] for 
various concentrations of Cu nanoparticles, which indi-
cates close outcomes. As another check, the isotherms of 
current research are compared to the findings of [43] for 
free convection in a square enclosure with a temperature 
difference between vertical surfaces and zero flux top and 
bottom. Figure 4 shows a close alignment between the two 
studies. Table 4 provides Nu values from different references 
for mixed connective heat transfer within a lid-driven square 
cavity equipped with a top hot-driven lid, cool lower surface, 

Table 2   Specifications of Mesh and Nu for four examined mesh sizes

* %difference = (Nu-Nu@Case V) × 100/Nu@Case V

Cases Triangles Nu *%difference

I 5990 8.0848 0.82
II 10,041 8.1266 0.31
III 20,924 8.1589 0.09
IV 31,722 8.151 0.012
V 52,340 8.152 –
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and zero heat flux side walls. Ultimately, Fig. 5 compares the 
streamlines and temperature distributions between the cur-
rent simulations and those of [37, 44]. The top surface was 
hot lid-driven, the bottom was cold, and the side surfaces 
were at zero heat flux. Table 4 and Fig. 5 also confirm good 
alignments between the two studies.

Results and discussion

Here, the influence of NEPCMs fraction (0 < φ < 0.05), 
wavelength (1/4 < ω < 1), wave amplitude (0 < a < 0.2), 
nanoparticles’ fusion temperature (0.1 < θf < 0.9), and 
Richardson number 0.001 < Ri < 0.1 on the Nu was 
addressed. The following configuration is considered as 

Fig. 3   The adopted mesh with 
Case III: a a full overview of 
the mesh, b magnified view at 
a wavy peak, c magnified view 
at the lowest point of the wavy 
pattern

(a)

(b) (c)

Table 3   Nusselt of current research and those of [42]

Study φ = 0.01 φ = 0.02 φ = 0.03

Matin and Pop [42] 5.66 5.89 6.02
Current research 5.62 5.88 6.07
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Fig. 4   A comparison between the simulated isotherm distributions 
obtained in the current study and the ones in [43]

Table 4   Nu for a top lid-driven square cavity with a hot top surface, a 
cool lower surface, and zero heat flux at side surfaces when Gr = 100 
and Pr = 0.71

Ri Re Waheed 
[45]

Roy et al. 
[37]

Iwatsu 
et al. 
[46]

Present 
study

100 1 1.00033 0.998 – 1.000
0.01 100 2.03116 1.967 1.94 2.034
6.25 × 10–4 400 4.02462 4.004 3.84 4.036
4 × 10–4 500 4.52671 4.509 – 4.527
1 × 10–4 1000 6.48423 6.443 6.33 6.377
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a basis for the non-dimensional parameters Re = 100, 
Ri = 0.1, θf = 0.2, Pr = 6.2, Ste = 0.3, λ = 0.33, δ = 0.05, 
Nc = 23.8, Nv = 12.5, η = 60°, φ = 0.05, a = 0.1. Otherwise 
the value of the parameter will be reported.

Figure 6 serves to illuminate the impact of two key 
parameters—wave amplitude (a) and wavelength (ω)—
associated with the wavy wall on Nu. A grow of wavelength 
and wave amplitude both contribute positively to the aug-
mentation of the Nusselt number. This suggests that these 
parameters are vital in enhancing heat transfer efficiency.

Subsequently, Fig. 7 provides a detailed examination of 
the local Nusselt number in correlation with several wave 
amplitudes. This deepens the understanding of how the pre-
cise heat transfer at a specific location on the wavy wall 
changes with wave amplitude.

Further elucidation on this topic is provided by Fig. 8, 
which offers an inclusive perspective of the temperature 
distribution, streamlines, and phase transient patterns (Cr). 
When studying the fluctuations of Nul for the assessed values 
of wave amplitude (a), it becomes evident that an increase 
in the wave amplitude corresponds with a sharp surge in Nul 
at each wave’s peak. However, this sharply declines within 
each wave’s trough, pointing toward an interesting alternat-
ing pattern of heat transfer across the wavy surface.

A closer inspection of the isotherms in Fig. 8 reveals 
a distinct thermal behavior. While the troughs display a 

consistent hot region with an almost non-existent tempera-
ture gradient, a substantial temperature gradient becomes 
apparent at each peak. This indicates the intriguing thermal 
dynamics at play due to the undulating nature of the wall. 
The undulations seem to create pockets of trapped fluid in 
the troughs, while the peaks exhibit a high degree of surface 
exposure to the fluid flow stimulated by mixed convection.

Complementing this, the streamlines demonstrate that 
the flow circulation predominantly transits over the peaks 
and is less inclined to penetrate into the troughs. The 
interaction of these high and low variations, as outlined 
in Fig. 6, contributes to the overall enhancement of the 
heat transfer rate, represented by Nu.

However, the phase transient pattern (Cr) was mini-
mally affected by changes in wave amplitude, as depicted 
in Fig. 8. The region where phase transitions occur appears 
to be substantially distanced from the wavy surface. This 
implies that the wave amplitude has a negligible influence 
on phase change dynamics, which occur at a sufficient dis-
tance from the undulating surface.

Figure 9 shows the influence of Richardson number 
and fusion temperature on Nu. An increase in Richardson 
number increases Nu, while a rise in fusion temperature 
reduces Nu. For a fixed Reynolds number, an increase of 
Ri can be interpreted as a stronger Rayleigh number. A 
rise IN Rayleigh number leads to better natural convection 
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top cool surface, a bottom hot surface, and zero heat flux at the sides. 

The specific conditions for this comparison are Reynolds number of 
500, Prandtl number of 1.0, and Richardson number of 0.4. The cur-
rent research versus Roy et al. [37] and Moallemi and Jang [44]
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circulation. The natural convection circulation tends to 
induce upward convection flows over troughs and fur-
ther improve the temperature gradients along the wavy 
wall, particularly at peaks. This observation can be con-
firmed by Nul in Fig. 10. An increase of Ri promotes Nul 
sharply at peaks, but it has minimal impact on the Nul 
inside troughs. Attention to the temperature distributions 

for various Ri numbers (see Figs. 11 and 12) also shows 
a better temperature gradient inside troughs. Thus, an 
increase IN Richardson number improved the Nul and, 
consequently, Nu.

Moreover, increased Ri slightly shifts the phase transient 
region upward due to the increasing strength of natural con-
vection circulations. A rise in θf moves the phase transient 
region from the bottom next to the wavy wall (θf = 0.9) 
toward the middle (θf = 0.5) and the top wall (θf = 0.1), as 
depicted in Fig. 11. The phase transient region shapes around 
isotherms with a temperature to the fusion temperature of 
NEPCM cores. Since the isotherms next to the hot wall have 
a temperature close to the hot wall, the phase transient for 
θf = 0.9 has occurred just next to the wavy wall. Moreover, 
the variation of fusion temperature imposes minimal effects 
on the overall temperature distributions and streamlines. 
This is since the phase change of the NEPCM particles core 
imposes local impacts on the flow and temperature, but the 
moving lid and the imposed thermal boundary conditions 
dictate the overall temperature distribution and flow cir-
culation. Figure 9 depicts that a small fusion temperature 
(θf = 0.1) can provide a much better heat transfer rate than 
a large one. This can be attributed to the shape of the tran-
sient region, which is quite extended for the case of θf = 0.1 
compared to the case of θf = 0.9, which is compacted next to 
the hot wavy wall. A variation of fusion temperature from 
θf = 0.9 to θf = 0.1 raises Nu from 6.3 to 6.85, which is about 
8% enhancement. Such enhancement can be achieved by sel-
dom adjusting the fusion temperature of NEPCM particles.

Figure 13 offers a comprehensive exploration of how the 
fraction of particles and their fusion temperature affect the 
average Nusselt number (Nu). It is observed that an increase 
in the particle fraction leads to an elevation in the Nusselt 
number. This relationship suggests that higher particle frac-
tions have a direct and beneficial impact on heat transfer 
efficiency.

The rise in particle fraction delivers dual benefits to the 
heat transfer process. Firstly, it brings thermal conductivity 
enhancement to the suspension, an essential factor in effec-
tive heat transmission. Secondly, it augments the heat trans-
fer rate by increasing the heat capacity ratio. This increase 
stems from the heat capacity due to the contribution of latent 
heat, a crucial element in the thermodynamics of phase 
change materials.

Interestingly, the peak Nusselt number can be achieved 
when the fusion temperature aligns closely with the tem-
perature of the cold lid-driven wall situated at the top. This 
finding corroborates the outcomes demonstrated in Fig. 9, 
lending additional credibility to the observed results.

To exemplify this, consider the use of nano-encapsulated 
phase change material (NEPCM) particles at a concentration 
of 5%, with a fusion temperature θf = 0.1. This configura-
tion results in a Nusselt number of 9.05. In contrast, with a 
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particle fraction φ = 0, the base fluid achieves a Nusselt num-
ber of only 5.7. Therefore, it can be concluded that incorpo-
rating NEPCM particles leads to a remarkable improvement 

in heat transfer performance. Specifically, a 37% enhance-
ment in the overall heat transfer is achieved due to the pres-
ence of these particles. This observation underscores the 
significant role that NEPCM particles can play in optimizing 
heat transfer processes.
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Conclusions

This study delves into the mixed convection characteristics 
of NEPCM suspensions in a uniquely configured 
trapezoidal cavity driven by a lid and exhibiting a wavy 
base that serves as a hot bottom wall. The nanoparticles 
suspended in the water-based mixture signify a distinct 
volume ratio and demonstrate phase transition capabilities, 
alternating between solid and liquid states as they traverse 
the enclosure. This transformation allows them to absorb 
or discharge latent heat at a specific fusion temperature 
and better contribute to heat transfer. A finite element 
methodological approach was utilized to integrate the 
governing equations for heat transfer. The findings are 
systematically presented through a series of Nusselt 
number graphs for comprehensive heat transfer evaluation 
and intricate contour maps of field variables, expanding 
the current physical knowledge of the underlying heat 
transfer phenomenon. The main findings of the study 
include:

1.	 Examination of the impact of wave amplitude (a) and 
wavelength (ω) on the average Nusselt number dem-
onstrates a positive correlation, with both parameters 
enhancing heat transfer efficiency. An increase in wave 
amplitude (a) results in sharp spikes in the local Nus-
selt number at each wave’s peak, contrasted by a sharp 
decrease within each wave’s trough.

2.	 The influence of Richardson number and fusion 
temperature on Nu is also significant. Specifically, 

an increase in Ri contributes to an elevation of Nu, 
while a rise in fusion temperature reduces Nu. A rise 
in Ri promotes stronger natural convection circulation, 
improving temperature gradients along the wavy wall, 
particularly at peaks. An 8% enhancement in heat 
transfer rate can be achieved by merely adjusting the 
fusion temperature of the NEPCM particles.

3.	 Increasing the fraction of NEPCM particles in the sus-
pension enhances the Nusselt number, contributing posi-
tively to heat transfer efficiency. This effect is attributed 
to the increased thermal conductivity and heat capac-
ity ratio of the suspension. A peak heat transfer per-
formance can be achieved when the fusion temperature 
aligns closely with the temperature of the top lid-driven 
wall. For instance, a configuration utilizing 5% NEPCM 
particles at a fusion temperature of θf = 0.1 results in a 
Nusselt number of 9.05, a remarkable 37% enhancement 
compared to the base fluid with a particle fraction of 
φ = 0 (Nu = 5.7).
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