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In this study, we numerically investigate the thermal behavior of two types of nanofluids under mixed convection, both subjected to the same 
operating conditions. One nanofluid contains nanoencapsulated phase change material particles with gallium cores and silica shells (Ga@
SiO2), while the other uses conventional SiO2 nanoparticles. This approach enables us to assess the impact of the latent heat associated with 
the PCM core and provides a clearer understanding of its influence on heat transfer performance. The physical model is a square cavity with a 
top moving wall and a rotating inner cylinder. The analysis is performed for Richardson numbers between 0.1 and 100, while the nanoparticle 
concentration varies from 0% to 4%. A finite volume technique is employed to solve the governing equations for momentum and energy. Valida-
tion against published results confirms the accuracy of our numerical approach. It has been found that the Ga@SiO2/water nanofluids perform 
better than the SiO2/water nanofluids. At Ri = 10 and a particle fraction of 4%, the Ga@SiO2/water nanofluid achieves a maximum heat transfer 
enhancement of 20.31%, whereas the SiO₂/water nanofluid only reaches 1.68%. The observed enhancement can be explained by the combined 
contribution of the phase change occurring within the gallium core, which allows energy to be absorbed and released. The addition of Ga@SiO₂ 
particles enhances heat transfer, making this suspension suitable for thermal applications.
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1. Introduction

Efficient heat transfer in mixed convection systems plays a key 
role in improving thermal management in treatments such 
as solar energy storage, photovoltaic cooling, and industrial 
heat recovery [1-6]. Many studies have shown that adding 
nanoparticles, especially metallic or oxide ones, to a base fluid 
can improve its thermal behavior [7–12]. More recently, at-
tention has shifted toward a different type of particles known 
as core–shell structures.  In this configuration, when the core 
consists of a phase change material (PCM) enclosed within a 
protective shell, the particles are generally referred to as na-

no-encapsulated phase change materials (NEPCM). In the 
study, the notation PCM@shell is used to represent a core–shell 
structure, where PCM is the core material and shell acts as the 
encapsulating layer. These materials have attracted increasing 
interest in thermal engineering. The shell surrounding the 
PCM prevents leakage during melting and solidification and 
improves the overall stability and durability of the particles 
[13,14]. Because of these advantages, encapsulated PCMs are 
now widely investigated for applications involving heat trans-
fer and thermal storage.
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When such particles are dispersed in a base fluid, they form what is 
commonly called NEPCM slurries or latent heat nanofluids [15]. In 
this case, the fluid benefits not only from the presence of nanoparti-
cles, but also from the latent heat associated with the phase change 
of the core material. The nature of the shell, whether polymeric, 
metallic, or inorganic, plays a valuable role in the overall behavior of 
the suspension [16].

Several studies have also examined how the characteristics of these 
particles affect their properties. Parameters such as the shell thick-
ness, the core-to-shell ratio, and the particle shape have a noticeable 
influence on thermal conductivity, density, and heat capacity [17–
20]. In general, encapsulation tends to reduce the latent heat in com-
parison to the pure PCM, since part of the volume is occupied by 
the shell [13]. On the other hand, the density usually increases with 
shell thickness, while the thermal conductivity strongly depends 
on the shell material. For instance, metallic coatings often enhance 
heat transfer, whereas polymer-based shells may have the opposite 
effect [21]. These results highlight the need to improve the struc-
tural design of NEPCM nanoparticles to achieve optimal thermal 
performance for energy storage and temperature regulation applica-
tions. Adding nanoparticles PCM@shell to conventional liquids can 
effectively improve thermal performance. This improvement is due 
to the latent heat storage of coated PCM and the enhancement of 
the effective thermophysical properties of the suspension. In partic-
ular, the Nusselt number increases with optimized particle concen-
tration and when Tm of the PCM@shell is near to the average wall 
temperature. These studies collectively display the ability of PCM@
shell nanofluids to improve heat transfer under well-controlled 
conditions [22-27].  The present study focuses on Ga@SiO₂/water 
nanofluid under mixed convection conditions, a configuration that 
has received less attention compared to natural convection. Some 
recent works have nevertheless explored this type of structure and 
reported interesting thermal characteristics. For example, Ghalam-
baz et al. [28] studied the flow on a vertical surface and showed 
that reducing the melting temperature of the encapsulated material 
improves heat transfer. In another study, Ahmed and Raizah [29] 
evaluated the radiative and convective heat transfer in a prismatic 
cavity containing a NEPCM containing of a nonadecane core and 
a polyurethane shell. Their results indicate a significant increase in 
heat transfer in the presence of the NEPCM. Raizah et al. [30] used 
the ISPH technique to investigate mixed convection in a cylindri-
cal hollow with lateral chambers and found that an increase in the 
radius of a revolving cylinder reduced the size of the melting area.  
Naseri Sadr et al. [31] studied mixed conviction of nanofluids with 
NEPCM. The physical model was a square cavity with a revolving 
heated cylinder. Latent heat effects and an increase in effective heat 
capacity improved heat transfer as the melting point approached a 
dimensionless value of 0.5, according to their results. Qasim et al. 
[32] also investigated convection coupled within a trapezoidal cavity 
influenced by wall ripples and an external magnetic field. They noted 
improved heat transfer with increasing Re and decreasing both the 
wall ripple quantity and the magnetic field strength.  Herouz et al. 
[33] examined mixed convection of NEPCM inside a porous hexag-

onal enclosure and found that heat transfer was improved when the 
top and bottom walls moved in the identical way. However, lower 
permeability restricted fluid motion and diminished heat exchange 
between the thermal barriers. Iachachene et al. [34] investigated a 
computational investigation on mixed convection in a square cav-
ity containing a rotating isothermal cylinder. They reviewed the 
impacts of magnetic field orientation and NEPCM nanofluid. The 
outcomes indicate that the adding of NEPCM enhanced heat trans-
fer by more than 20%, with optimal melting points between 0.3 and 
0.6, and that certain combinations of magnetic field angle and Ri 
produced localized increases of up to 3.34%. More recently, Dahani 
et al. [35] explored mixed convection heat transfer in a cavity filled 
with NEPCM nanofluids and a centrally placed rotating heated cyl-
inder. They found that increasing the NEPCM volume percentage 
to 5% increased heat transmission by up to 14.92%, with the highest 
performance recorded at a fusion temperature of 0.45 for Ri = 100 
and a cylinder radius of 0.2.

According to the available literature, in our knowledge no previous 
study has reported a direct comparison between NEPCM nanopar-
ticles and conventional solid nanoparticles dispersed in a base fluid 
under similar mixed-convection conditions. The newness of the 
present investigation therefore lies in distinguishing the thermal 
contribution of latent-heat storage from that of solid nanoparticles 
alone. In this context, two suspensions are examined, Ga encapsulat-
ed within a SiO2 shell (Ga@SiO2) and SiO₂ nanoparticles dispersed in 
the base fluid. The comparison aims to evaluate the impact of PCM 
incorporation on the thermophysical properties of the suspension 
and the resulting heat-transfer performance. Gallium is selected as 
the core one and is frequently employed as a thermal energy storage 
medium owing to its substantial heat of fusion, which denotes the 
quantity of heat necessary to liquefy a certain mass of the substance. 
It has a significant heat of fusion, enabling it to absorb substantial 
heat for the period of melting and releases the accumulated heat 
upon solidification and it has commendable thermal conductivity. 
Furthermore, it is non-toxic, causing it to be suitable for diverse uses 
[36]. The silica (SiO2) is used as shell material because of its chemical 
stability.

2. Mathematical formulation

2.1. Physical model

In this investigation, the physical model consists of a square cavity of 
height H, as illustrated in Figure 1. The upper horizontal wall moves 
with a constant velocity up and is kept at a uniform cold temperature 
Tc ​, while the lower horizontal wall is stationary and kept at a uni-
form hot temperature Th. A circular cylinder is located at the center 
of the cavity, rotates with a constant angular velocity ω; its surface is 
kept at a constant temperature Tc.

Within this configuration, two different types of nanofluids are 
investigated. In the first configuration, the cavity is supplied with 
a conventional nanofluid having SiO2​ nanoparticles uniformly dis-
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persed in the base fluid. In the second configuration, a novel class 
of nanofluids is examined, namely NEPCM-based nanofluids, in 
which the nanoparticles consist of a PCM(Ga) core encapsulated 
by a SiO2​ shell. The enclosure keeps PCM structure stable and lets 
latent heat be stored and released during the phase shift. These two 
types of nanofluids will be studying under the same geometric, ther-
mal, and dynamic conditions to compare and evaluate how standard 
SiO2 nanoparticles and PCM@SiO2 core–shell nanoparticles affect 
the flow structure and heat transfer characteristics inside the cavity.

Ga@ SiO2 /water  

Shell (SiO2)Core (PCM)

SiO2/water  

SiO2

Th

Tc

H

A
di

ab
at

ic
 A
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Figure 1. Physical model

2.2. Thermophysical properties of nanofluids

The thermophysical characteristics of the base fluid, core material 
(Ga), and shell material (SiO2) are presented in Table 1. Gallium 
possesses a Tm= 302.93 K and Lf =801.6 kJ/kg.

Table 1. Thermophysical properties of base fluid, core, and shell 
materials [34]

Material 
Proprieties water Ga SiO2

Cp (J/kg·K) 4179 381.5 745

k (W/m·K) 0.613 32 1.4
ρ (kg/m3) 997.1 6093 2220
µ (kg/m·K) 8.91⁻10-4 _ _
b  (1/k) 21´10-5 22´10-5 5.510-5

2.3. Case of Nanofluid SiO2/Water

The density of nanofluids containing SiO2 nanoparticles is shown 
below:

1nf f SiO2t { t {t= - +^ h 					     (1)

The following is defined in terms of the principle of energy con-
servation, which accounts for the thermal equilibrium between the 
pure fluid and the particles:

C
C C1

,p nf
nf

p f p SiO2

t
{ t { t

=
- +^ ^ ^h h h

				    (2)

The effective thermal conductivity of nanofluids is specified as:
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The dynamic viscosity of the nanofluids was evaluated using the 
Brinkman correlation:

1 .
nf f

2 5n n {= - -^ h  					     (4)

For the thermal expansion coefficient nfb  is given by:

1nf f SiO2b { b {b= - +^ h  					     (5)

2.4. Case of Nanofluid Ga@SiO2/Water

The density of nanofluids with Ga@SiO2 nanoparticle is stated be-
low:

1 @nf f Ga SiO2t { t {t= - +^ h  					    (6)

where, the density of nanoparticle with shell and core are given by 
[27,15]:

l
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2 2

2 2
t t t

t t
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 				    (7)

where l Si GO a2% /  represents the shell-to-core weight ratio of the hybrid 
particle

Based on energy conservation theory and assuming the thermal 
equilibrium between the pure fluid and NEPCM, C ,p nf is defined by:

C
C C1

,
@

p nf
nf

p f p Ga SiO2

t
{ t { t

=
- +^ ^ ^h h h

			   (8)

Total specific heat capacity C , @p Ga SiO2  of NEPCM, can be determined 
using the following equation [27,15]: 

( )
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, / ,
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SiO SiO Ga Ga p Ga SiO
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2

2 2 2

2 2 2
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 			   (9)

Various heat capacity formulations, including rectangular (step-
wise), triangular, and smooth functions, have been proposed in the 
literature to model the latent heat distribution in PCM systems [37]. 
In the present work, a sinusoidal profile is adopted due to its smooth 
behavior, which enhances numerical stability and avoids disconti-
nuities.

The evaluation of the PCM heat capacity, as reported in [34, 38], 
accounts for its variation during the solid–liquid phase transition. 
Outside the phase change interval, an average value of the specific 
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heat capacity is considered based on the solid and liquid phases of 
gallium. Within the phase transition range, the latent heat effect is 
incorporated into the heat capacity formulation. In this study, the 
phase change procedure is modeled applying a sinusoidal function 
to represent the variation of C ,p Ga , following the procedure de-
scribed in [34, 38]:

C C T T
L C sin T T

T T
2, ,

,
,p Ga p Ga

liq sol

f Ga
p Ga

liq sol

solr
r d= + - - -
-

b bl l; E                 (10)
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]]]]
]]]]

				                    (11)

This formulation ensures a smooth distribution of latent heat over 
the phase change temperature interval [Tsol,Tliq], which helps to 
avoid numerical instabilities associated with abrupt property varia-
tions. It also allows the phase change process to be modeled without 
explicitly tracking the solid–liquid interface. Similar approaches 
have been widely adopted in PCM and NEPCM modeling studies 
[34, 38]. However, it should be noted that this method represents 
approximation, since the phase transition is distributed over a finite 
temperature range rather than occurring at a sharp interface.

The latent heat of the NEPCM is given by [15]:

L L, ,f p c
p

c
f c{ t

t= 					                     (12)

The effective thermal conductivity of nanofluids is stated as:
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For isotropic core and shell materials, the mixing law for k @Ga SiO2 can 
be written as [15]:
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The dynamic viscosity of the nanofluids was evaluated using the 
Brinkman correlation:

1 .
nf f

2 5n n {= - -^ h 	 				                   (15)

For the thermal expansion coefficient nfb as given:  

1 @nf f Ga SiO2b { b {b= - +^ h 				                   (16)

When both the shell and core materials are isotropic, the thermal 
expansion of core-shell nanoparticles can be decided using a mixing 
law. This law expresses the effective thermal expansion coefficient as 
a combination of the core and shell properties:
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2.5. Governing equations

To simulate mixed convection in nanofluid-filled cavities, a set of 
simplifying hypotheses is adopted. The dispersed nanoparticles 
(Ga@SiO2 and SiO2) are expected to be uniformly distributed within 
the base fluid and to remain in both thermal and kinematic equi-
librium with it. Wholly thermophysical properties are considered 
temperature-independent, excluding density, which changes only 
in the buoyancy expression. For the NEPCM phase change mate-
rial, the latent heat effect is unified using an effective heat capacity 
formulation over the melting temperature range. The remaining 
thermophysical properties are evaluated as effective temperature-in-
dependent values based on solid–liquid averages, as commonly ad-
opted in NEPCM modeling studies [27-35]. The flow is accepted to 
be steady-state, incompressible, Newtonian, and two-dimensional. 
Furthermore, the influences of viscous dissipation and thermal ra-
diation are ignored, as their contributions are expected to be negli-
gible under the operating conditions considered. These assumptions 
allow the governing equations to be formulated in a tractable form 
while retaining the essential physical features of the problem. There-
fore, the equations governing the mixed convection flow, under the 
adopted assumptions [34], are given as follows.
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where p denotes pressure, u and v refer to the x- and y- velocity, 
respectively. , , ,k C ,nf p nf nf nfn t , and nfb represent the the thermal con-
ductivity, the specific heat capacity, dynamic viscosity, density and   
the thermal expansion of nanofluid, correspondingly. The boundary 
conditions of this physical model are defined as follows:

Hot wall ( ; ): ; ;y x H u v T T0 0 0 0 H# #= = = =                                                                      

Cold wall ( ; ): ; ;y H x H u v u T T0 0 p C# #= = = =                                                                     

Right adiabatic wall ( ; ): ,x y H x
T u v0 0 0 0
x 02

2
# #= = = =

=
                                                        

Left adiabatic wall ( ; ): ,x H y H x
T u v0 0 0
x H2

2
# #= = = =

=
                                                         

Rotating cylinder: , /T T u d2c p0~= =                                                                                              

The equations (18)-(21) are converted by expressing them in a 
dimensionless form through the subsequent set of dimensionless 
parameters:
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The equations of continuity, momentum, and energy are represent-
ed in terms of the following non-dimensional parameters:

X
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2
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2+ = 					                   (22)
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The dimensionless parameters employed in this study are defined 
in Table 2.
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Table 2. Dimensionless parameters used in the study

Parameter Symbol Definition

Grashof, number Ga ( )
Ga
g T T H

f

f h c
2

3

o
b
=

-

Richardson number Ri Ri Re
Gr
2

=

Prandtl numbers Pr ( )
Pr k
C
f

p fn=

Reynolds number Re Re
u Hp
o=

The local and average Nusselt numbers on the hot wall can be ex-
pressed as follows [34]:

Nu k
k
Yf

nf

Y 02
2i= -

=
				                    (26)

Nu NudY
0

1
= # 					                    (27)

3. Numerical modelling

To solve the governing equalities (22) to (25) by their boundary 
conditions Numerical Methods and validation the finite volume 
technique is applied. The SIMPLE algorithm is employed to cou-
ple the velocity and pressure fields and to discretize the convection 
terms in the finite volume equalities, a second-order upwind scheme 
is adopted, while pressure discretization is handled through the 
PRESTO technique. An under-relaxation technique is employed to 
promote convergence, which is achieved when the absolute residual 
falls below 10⁻⁶.

The convergence of the numerical solution is verified by monitoring 
the average Nusselt number along the hot wall as a function of the it-
eration number. As shown in Figure 2 for ϕ=2% and two Richardson 
numbers (Ri=0.1and Ri=100), Nu stabilizes beyond approximately 
7000 iterations for Ri = 0.1 and 10000 iterations for Ri = 100, no sig-
nificant change is observed, indicating that the solution has reached 
a converged state.

(a) (b)

Figure 2. Evolution of the average Nusselt number with iteration number for j=0.02 and different Ri

In addition, the convergence of the solution is verified by monitor-
ing key physical quantities, such as , which remains unchanged with 
further iterations. The numerical uncertainty associated with spatial 
discretization is minimized through the grid independence study, 
where variations in the results are found to be negligible beyond a 
certain mesh resolution. These measures confirm the accuracy and 
stability of the numerical simulations.

The computational domain is discretized utilizing a structured, 
non-uniform mesh, as shown in Figure 3. The grid is refined in the 
vicinity of the cavity walls and around the cylindrical obstacle to 
better resolve the strong gradients of velocity and temperature that 
develop in these regions. 
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A grid independence test is then performed using six different 
meshes, with 6400, 14400, 25600, 40000, 48000, and 78400 cells. The 
influence of the mesh resolution is examined through the local Nus-
selt number along the heated wall (Figure 4), while the correspond-
ing average values and relative deviations are summarized in Table 
3. It is observed that the differences between successive refinements 

become very small, beyond 40000 cells. In particular, the variation 
in the average Nusselt number remains below 0.3%, indicating that 
the solution is no longer sensitive to further refinement. Based on 
these observations, the mesh with 40000 cells is retained as a suit-
able compromise between accuracy and computational effort.

Figure 3. Mesh configuration
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Figure 4. The grid Independence Test for Nu at Ri=10 for and j=0.02 and θf=0.6

 
Table 3. Effect of grid size on  for Ri = 10 and j=0.02

Grid size 6400 14400  25600  40000 48000 78400

Nu 6.5314 6.5922 6.6093 6.6298 6.6367 6.6454

Error - 0.93% 0.26% 0.3% 0.01% 0.01%

The reliability and precision of the current numerical analysis are 
validated by comparing its results with those previously described 
by Khanafer and Aithal [39] for a rotating isothermal circular cyl-
inder inside a square cavity. Figure 5a and 5b illustrate the compar-
ison, showing the Nu distribution along the cavity’s bottom surface 

and the horizontal velocity component along the vertical midplane, 
respectively. The high degree of concordance between the numerical 
results and the published data supports the validity and accuracy of 
the numerical code used in this research.
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(a) Nusselt number variation along the hot wall (b) Velocity in the horizontal direction at the vertical mid-plane for 
Re=100

Figure 5. Comparison of current results with those of Khanafer and Aithal [39]

In Figure 6(a-b), an additional validation is performed to assess the 
reliability of the computational technique through assessment with 
the practical data reported by Xu and Stock [40], who considered 
natural convection in a differentially heated cavity filled with gallium 
under the impact of a uniform magnetic field. In the present inquiry, 
only the case without a magnetic field considered corresponding to 

pure natural convection. The computed temperature and velocity 
profiles are in good harmony with the reference outcomes. The 
maximum relative deviation is approximately 0.2% for temperature 
and about 5% for velocity, indicating that the numerical approach 
provides satisfactory accuracy.

(a) Velocity magnitude along the line y=1.5cm  (b) Temperature distribution along the line y=1.5cm
Figure 6. Comparison of current outcomes with those of Xu and Stock [40]

Additionally, the NEPCM part of the model is justified through 
comparison with the work of Ghalambaz et al. [27]. Figure 7 
demonstrates strong agreement in Nu at the hot wall under equiva-

lent conditions, supporting the precision of the numerical method 
employed.

Figure 7. Comparison of Nu with findings stated in the literature [27] at Ra = 105 and θf = 0.3 
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4. Results and discussion

4.1. Flow and thermal characteristics of Ga@SiO₂/Water 
Nanofluids

The numerical results for the Ga@SiO2/Water nanofluid are present-
ed in this section. The flow and thermal response of the nanofluid 
under dissimilar working conditions are studied. Simulations are 
performed for a range of Ri values and the effect of Ri and its influ-
ence on the flow structure and heat transfer behavior are examined.

The corresponding outcomes are demonstrated in Figure 8 which 
put forward the temperature contours and streamlines for Ri=0.1, 1, 
10, and 100 at j=2%.  The results clearly indicate that Ri has a stated 
inpact on both the flow topology and the thermal field within the 
cavity. A dominant primary vortex is observed in all cases, whose 
position and intensity are governed by the relative contributions of 
forced convection induced by the moving lid and rotating cylinder, 
and buoyancy-driven natural convection. At low Ri (e.g., Ri=0.1), 
forced convection prevails, leading to a strong primary vortex ac-
companied by two secondary vortices forming near the lower cor-
ners of the cavity. These secondary vortices originate from buoyancy 
effects associated with temperature-induced density variations of 
Ga@SiO2/Water. In the absence of lid motion and cylinder rotation, 
such buoyancy-driven vortices would occupy a larger portion of the 
cavity.

As Ri rises, the contribution of natural convection becomes more 
significant. As a result, the secondary vortex in the bottom left cor-
ner slowly weakens and is finally absorbed by the primary vortex. In 
this regime, buoyancy forces have more control over the movement 
of fluid in the lower part of the cavity. The upper zone flow is mainly 
driven by lid motion in combination with the rotation of the cylin-
der. The temperature distribution shows that the region is relatively 
cool and the higher temperature is localized near the bottom wall 
where forced convection dominates. The influence of buoyancy is 
more obvious at the bottom part of the cavity, but the flow field is 
still dominated by forced convection, especially on the right bound-
ary. As the Ri increases, the high-temperature region on the left side 
expands further into the cavity. This trend is related to the decrease 
in mixing efficiency due to the increase of buoyancy forces. Mean-
while, the left region is subjected to improved heat removal owing 
to relatively higher local flow velocities which enable more effective 
convective heat transfer. Natural convection also acts a part in the 
temperature increase, but the coupling with the forced convection 
preserves an overall efficient heat transfer process. For Ri=100 cor-
responding to a regime of low Re, the ratio of maximum velocity 
(Vm/up) is about 1.4. Under such conditions the impact of the rotat-
ing cylinder on the flow dynamics is negligible while the buoyancy 
effects are dominating. So, the fluid motion and the consequent heat 
transfer are dominantly controlled by natural convection. The con-
sequences denote that the flow structure and thermal performance 
are affected by the merged impacts of forced and natural convection, 
and the relative importance of the two is governed by parameters.

Figure 8.  Effect of Ri on Temperature Distribution and Flow Patterns at Gr = 104 and ϕ = 2%

Figure 9. (a-c) illustrates the influence of the Ga@SiO2/water volume 
fraction (0%, 2%, and 4%) on the flow structure and temperature 
distribution for dissimilar values of the Ri (0.1≤Ri≤100). At low 
Ri (Ri = 0.1), as illustrated in Figure 9a, the flow structure is only 
slightly affected by changes in the nanoparticle volume fraction j.  In 
this situation, forced convection clearly plays a main role in driving 
the heat transfer process, with the highest velocities occurring near 

the moving lid and the rotating cylinder. Although adding Ga@SiO2 
nanoparticles doesn’t significantly alter the overall flow pattern, it 
does enhance the thermal field, resulting in better heat transfer per-
formance. As Ri increases, buoyancy effects gradually change both 
the velocity and temperature distributions inside the cavity. When 
Ri reaches 100, natural convection becomes dominant, leading to 
fluid velocities that surpass those generated solely by the moving 
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wall and rotating cylinder. Additionally, increasing j up to 4% leads 
to higher velocity magnitudes and a more uniform temperature dis-
tribution, which overall boosts heat transfer. The improved effective 
thermal conductivity and heat capacity are mainly due to the chang-
es in the base fluid characteristics caused by the Ga@SiO₂ nanopar-

ticles, which is the main reason for this enhancement. As a result, 
increasing the concentration of Ga@SiO2 can substantially enhance 
the system’s thermal performance, particularly in conditions where 
natural convection is dominant.

a-Ri=0.1  b-Ri=1

c-Ri=10 d-Ri=100

Figure 9. Effect of Ga@SiO2 volume fraction on flow structure and temperature distribution across various Ri (0.1 ≤ Ri ≤ 100)

Figure 10 (a–d) illustrates the local Nu along the hot wall for differ-
ent Ri and j . Nu drops with increasing Ri for all Ga@SiO2 concen-
trations, according to the data. Because the velocities of the wall- 
moving and the cylinder- rotating are reduced, natural convection 
takes over as the principal heat transfer mechanism, and forced 
convection is reduced. In addition, the incorporation of Ga@SiO2 
enhances heat transfer performance in all the cases considered. Nu 
distribution along the heated wall presents a parabolic profile, it 
reaches its peak at about Y=0.65. This variation is primarily related 
to the imposed asymmetric boundary conditions within the cavity. 
The results imply that convective heat transfer is notably stronger on 
the left side of the cavity compared to the right wall. This difference 
seems to come from stronger buoyancy effects near the left bound-

ary, which are amplified by the thermal and flow conditions in place. 
On the other hand, the right side has weaker natural convection 
activity. As the volume ratio of Ga@SiO2 increases, heat transfer is 
correspondingly enhanced. These results highlight the critical role 
of boundary conditions in convective heat transfer within confined 
spaces and demonstrate that Ga@SiO2 significantly improves heat 
transfer performance.
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(a)  (b)

(c)  (d)

Figure 10. Distribution of Nu along the heated wall for different j and Ri

Figure 11 (a) shows how the heat transfer varies along the heated 
wall as a function of  j  for four dissimilar Ri values. It is observed 
that, for all concentrations of Ga@SiO2, heat transfer decreases with 
increasing Ri. At higher Ri values, natural convection becomes the 
leading heat transfer mechanism, which explains this trend. Add-
ing Ga@SiO2 improves heat transfer performance across all cases. 
This improvement in heat transfer is attenuated at higher Ri values 
due to the dominance of convective effects. Therefore, optimizing 
thermal performance under different flow conditions depends on 
selecting an appropriate Ga@SiO2 concentration. To quantify this 

enhancement, Figure 11(b) presents the percentage increase in heat 
transfer owing to the addition of Ga@SiO₂. At φ = 4% and Ri = 10, 
the most significant improvement is observed, reaching 20.3%. As φ 
increases, the enhancement becomes more pronounced at lower Ri 
values (e.g., Ri = 0.1), reaching approximately 15.7% at φ = 4%. For 
φ values between 1% and 3%, thermal enhancement generally de-
creases with increasing Ri, except at φ = 4%. Overall, the outcomes 
indicate that heat transfer performance is governed by both the Ga@
SiO2 concentration and Ri.

(a) (b)

Figure 11. Effect of Ga@SiO2 concentration on (a) and (b) Heat transfer enhancement at various Ri
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4.2. Comparative Analysis between SiO₂/Water and Ga@SiO₂/
Water Nanofluids

This section presents a comparative analysis between SiO₂/water 
and Ga@SiO₂/water nanofluids under identical operating condi-
tions, with the aim of assessing the effect of nanoparticle type on 
the thermal performance of the system. The results provide a clear 
basis for assessing the respective contributions of SiO₂ and Ga@SiO₂ 
nanoparticles to heat transfer enhancement.

Figure 12 illustrates the Nusselt number distribution along the 
heated wall at φ = 4% for both nanofluids. It is monitored that the 
Nusselt number profile of the SiO₂/water nanofluid remains very 
close to that of the base fluid for all Ri, indicating a limited enhance-
ment effect. In contrast, the Ga@SiO₂/water nanofluid exhibits a 
noticeable deviation, reaching a maximum difference of up to 175% 
in comparison to the base fluid. This clearly indicates that the ad-
dition of SiO₂ nanoparticles causes to only a marginal advance in 
heat transfer, whereas the incorporation of Ga@SiO₂ significantly 
enhances the thermal performance within the cavity. 

Figure 12. Distribution of Nu Along the Heated Wall for Ga@SiO2/water and SiO2/water nanofluids 

Further comparison is conducted on variation Nu  along the heated 
wall for both fluid types across various φ and Ri, as shown in Figure 
13. The consequences obviously demonstrate that the effect of add-

ing SiO2 nanoparticles is negligible compared to that Ga@SiO2 for all 
tested concentrations and Ri.

Figure 13. Distribution of Nu along the heated wall for the two nanofluid types
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To compare the influence of the nanoparticle type on thermal per-
formance, the relative improvement in heat transfer was evaluated 
and plot in Figure 14. The addition of Ga@SiO2 nanoparticles indi-
cates to a important enhancement in heat transfer, with a maximum 
improvement of 20.31% at j=4% and Ri=10. Compared to SiO2 the 
improvement is around 1.68%, under the same conditions, which 
represents 18% performance difference. This discrepancy stems 
from the contrasting thermophysical properties of the two types of 
nanoparticles. The adding of SiO2 nanoparticles improve heat trans-
fer by growing thermal conductivity, where Ga@SiO2 nanoparticles 
offer additional advantages due to the latent heat of Ga as a PCM. 
More effective absorption and redistribution of thermal energy 
throughout the fluid is made possible by this structure, which al-
lows the storage and release of latent heat within a tight temperature 
range. The outcome is an enormous improvement in convective 
heat transfer. In addition, the gallium core is encased in a SiO2 shell, 
which increases the nanoparticles’ stability and guarantees constant 
and dependable thermal performance.

It should be noted that the present model relies on steady-state, 
two-dimensional, and Newtonian assumptions, which may limit the 

general applicability of the results. Transient effects, three-dimen-
sional flow structures, and possible non-Newtonian behavior are 
not considered. However, for the range of conditions examined in 
the current investigation, especially at low particle concentrations 
(up to 4%), the flow can reasonably be approximated as Newtonian, 
as commonly reported in the literature. Finally, many countries have 
made switching to renewable energy sources a top priority due to 
the need to deal with climate change and reduce carbon emissions 
[41]. The thermal and technical characteristics of the building ma-
terials, the building’s operating conditions, the best structural and 
architectural design solutions, and the climate of the construction 
site are the main determinants of energy loss in building envelope 
structures [42]. One of the most important processes in numerous 
disciplines of engineering is thermal management systems. These 
applications include electronics cooling, refrigeration, air condi-
tioning, nuclear reactor safety and chemical process intensification. 
The work is supposed to have significant contribution to these ther-
mal energy fields in the near future.

a- Ri=0.1 b-Ri=1

c-Ri=10 d-Ri =100 
Figure 14.  Heat transfer enhancement for the two types of nanofluids
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5. Conclusion

This study presents a direct comparison between a novel class of 
NEPCM-based nanofluids and conventional SiO2 nanoparticles 
under identical conditions, through numerical research of mixed 
convection heat transfer in a square cavity. Water-based nanofluids 
including nano-encapsulated phase change material (Ga@SiO2) are 
considered over a wide range of Richardson numbers (0.1 ≤ Ri ≤ 
100) and nanoparticle volume fractions (0%–4%), and the results 
are compared with those obtained for conventional SiO2 nanoparti-
cle suspensions. Key findings are as follows:

a.	 The thermal and flow field structures of Ga@SiO2 
nanofluids are significantly influenced by both Ri and 
φ. for low Ri values, the performance heat transfer 
improves as φ increases, while the overall flow struc-
ture tends to remain stable because of the dominance 
of forced convection. Conversely, at higher Ri values, 
where natural convection becomes more significant, 
an increase in φ results in noticeable enhancements in 
both fluid velocity and heat transfer rates.

b.	 Ri is crucial in determining the relative impacts of 
forced convection—driven by the moving cylinder 
and lid—and buoyancy-driven natural convection. 
Changes in Ri create different vortex patterns and af-
fect the temperature distributions inside the cavity.

c.	 The distribution of the local Nusselt number shows a 
noticeable asymmetry along the walls of the cavity, du 
of the boundary conditions.

d.	 The addition of Ga@SiO2 nanoparticles leads to a heat 
transfer boost of about 20% when Ri =10 and φ = 4%. 
This improvement comes from the fact that the ther-
mal conductivity is better, the heat capacity is higher, 
and there’s some latent heat from the phase change 
material that’s wrapped up inside.

e.	 For pure SiO2 nanoparticles, the boost is just about 
1.7%. This really highlights how Ga@SiO2/water nano-
fluids are better.

The present study demonstrates that Ga@SiO2/water nanofluids ex-
hibit enhanced heat transfer performance in mixed convection sys-
tems. Unlike conventional solid nanoparticles, these materials can 
store and release thermal energy through latent heat, providing an 
additional mechanism for thermal regulation. The results indicate 
the practical engineering relevance of Ga@SiO2/water nanofluids. 
They enhance heat transfer in lid-driven cavities, making them 
suitable for electronic cooling applications where efficient thermal 
management is essential. The observed improvements also suggest 
potential use in heat recovery systems to increase energy efficiency. 
Overall, the findings can support the design of compact thermal 
systems operating under different flow conditions.

Nomenclature

Roman letters
c		  Core (subscript)
d		  Diameter, m
g		  Acceleration of gravity, m/s²
Ga 		  Grashof number
k		  Thermal conductivity, W/m·K
/c1s 		  Shell-to-core weight ratio

Lf		  Latent heat of fusion J/ kg
Nu		  Local Nusselt number
Nu 		  Mean Nusselt number

P		  Mean static pressure, Pa
Pr		  Prandtl number
Re		  Reynolds number
Ri		  Richardson number
T		  Temperature, K
u, v		  Velocity components, m/s
U, V		  Non-dimensional velocity components
Vm		  Velocity magnitude, m/s
Vp 		  Velocity of the moving walls, m/s
x, y		  Dimensional coordinates, m
X, Y		  Non-dimensional coordinates

Greek symbols
α		  Dimensionless geometric parameter
β		  Thermal expansion coefficient, K⁻¹
μ		  Viscosity, Pa·s
ρ		  Density, kg/m³
φ		  Volume fraction
θ		  Dimensionless temperature

Symbols
@ 		  Separator used in core–shell nanoparticle notation

Subscripts
c		  Core
f		  Base fluid
nf		  Nanofluid
p		  Particle
s		  she
⁎		  Dimensionless quantities
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