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 Natural convection heat transfer in closed cavities is an important phenomenon in many 
engineering applications, notably electronic cooling and thermal insulation systems. 
Regardless of the heat source, the heat transfer and flow patterns inside these cavities are 
highly dependent upon the heat transfer surfaces, their geometries, as well as the internal 
flow conditions. This work presents a numerical study on natural convection heat transfer 
along a closed square cavity of (L = H = 1 m) with chamfered sides. In the middle, it has 
an inner cylinder with different geometric shapes like square, circular, ellipse, and 
rhombus, keeping the same hydraulic diameter for all shapes. Two-dimensional numerical 
simulations were conducted in ANSYS Fluent with (k–ω) model turbulent flow in high Ra 
(109 ≤ Ra ≤ 1012) conditions. The objective of the analysis is to investigate the influence of 
both the shape of the inner cylinder and different Rayleigh values on the heat transfer 
coefficient represented by the Nusselt number. Changes in geometry were correlated with 
the resulting flow patterns and thermal properties in the cavity by analyzing thermal 
distribution, pressure distribution, and streamlines in the cavity. The results indicate that 
the geometric shape of the cylinder strongly influences the heat transfer enhancement and 
that certain shapes outperform the rest in convective heat transfer performance, suggesting 
that the internal flow pattern and thermal field played an important role. 
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1. INTRODUCTION 
 

Natural convective heat transfer is an essential physical 
phenomenon that is involved in a myriad of engineering and 
natural applications since it arises from the temperature 
difference, which results in generating natural motion of fluids 
without external sources to activate motion. Such a type of 
convection is of utmost importance when dealing with closure 
systems like different engineering cavities, because it has a 
significant influence on device and electronics heat removal, 
solar energy systems, and thermal reactors. Over the past few 
years, hybrid nanofluids, which are basic fluids reinforced 
with nanoparticles of different types, have shown much higher 
effectiveness as heat transfer fluids due to their superior 
thermal properties, which are characterized by high thermal 
conductivity and changed viscosity. The flow characteristics 
and heat transfer characteristics of these fluids passed into 
cavitation in various geometric shapes are affected by several 
parameters, such as The Geometric Shape of the cavity, the 
nano-fluid properties, and the direction of heating. Hence, 
investigating the interaction of hybrid nanofluid flow with 
natural load within such environments is an important 
milestone to design thermal systems that are more efficient and 
sustainable [1-6]. Several researchers have conducted 
previous studies on natural convection heat transfer inside 
cavities filled with nanomaterials, as these researchers have 

shown that the addition of nanoparticles to basic liquids leads 
to a clear improvement in thermal performance. Studies have 
focused on the influence of particle type, concentration, and 
different cavity shapes on heat transfer rates, contributing to 
the construction of an important knowledge base to support 
advanced thermal applications. In the research of Bhuiyana et 
al. [7], a numerical study of natural convection heat transfer 
was conducted within a square cavity filled with a nanofluid 
and partially heated from below, while the other walls 
remained cold. The study used the finite element method 
(Galerkin method) with various types of nanoparticles, 
Rayleigh numbers between 103 and 106, and particle volume 
ratios up to 0.2. The results showed a significant improvement 
in heat transfer with increasing particle concentration, with a 
clear dependence on the type of nanofluid used. Qasem et al. 
[8] investigated the effect of thermal radiation on free 
convection inside a differentially heated cavity containing a 
square solid mass in the center, using a copper-water 
nanofluid. The mass, momentum, and energy equations were 
solved using the finite-difference method, with the internal 
surfaces considered as emitting and reflecting radiation. The 
influence of the Rayleigh number (from 103 to 106), the 
nanoparticle fraction (up to 0.04), and the radiation coefficient 
(from 0 to 10) was studied. The results showed that the local 
and average Nusselt values increased with increasing Rayleigh 
number and volume fraction, and that temperatures also 
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increased with increasing radiation flux. Sharifpur et al. [9] 
conducted an experimental study of natural convection heat 
transfer using a deionized zinc oxide (ZnO) nanofluid in a 
rectangular cavity. The stability of the fluid was tested using 
spectroscopy and zeta potential measurements, and the 
analysis was performed within the Rayleigh number range of 
7.45 × 107 to 9.20 × 108. The results showed that a 0.10% by 
volume ZnO concentration enhanced the heat transfer 
coefficient by 9.14% compared to pure water, while increasing 
the concentration degraded the thermal performance. 
Sheikhzadeh et al. [10] conducted a numerical study to analyze 
the effect of SiO₂ nanoparticle shape and concentration on 
natural convection heat transfer within a square partitioned 
cavity using a water–SiO₂ nanofluid. Various particle shapes 
(e.g., spherical, cylindrical, and plate-shaped) were studied at 
concentrations between 2% and 4%, with Rayleigh numbers 
between 105 and 107 and different partition heights. The results 
showed that the Rayleigh number and partition height 
significantly affect the streamlines and temperature 
distribution, and that the average Nusselt number increases 
with increasing Rayleigh number regardless of particle shape. 
Alipanah et al. [11] studied entropy generation in a square 
cavity using an Al₂O₃-water nanofluid under natural 
convection and sidewall temperature variations. The study 
covered Rayleigh numbers between 104 and 107 and nanofluid 
concentrations down to 0.05. The results showed that the 
nanofluid generated greater entropy and heat transfer than the 
pure fluid, with the lowest entropy and Nusselt number values 
recorded for the pure fluid. Khalili et al. [12] conducted an 
experimental study to investigate the inhomogeneous 
distribution of nanoparticles within a square cavity during 
natural convection heat transfer using an Al₂O₃-water 
nanofluid. The particle concentration was fixed at 1%, and the 
effect of different Rayleigh numbers was studied. The results 
showed clear differences in the particle distribution, increasing 
with increasing Rayleigh number. Fluid motion played a major 
role in this variation, confirming the inhomogeneity of the 
distribution within the cavity. Solomon et al. [13] studied the 
effect of the dimensional ratio of a rectangular cavity on heat 
transfer by natural convection using Al2O3 nanofluids-water 
and deionized water. The results showed that the dimensional 
ratio significantly affects the heat transfer coefficient and the 
Nusselt number, and the optimal concentration of 
nanoparticles varies depending on The Shape of the cavity, 
with a pronounced effect also of the Rayleigh number on 
thermal performance and buoyancy. In the context of 
developing thermal cooling technologies and improving the 
efficiency of natural convection heat transfer, previous studies 
have demonstrated the effectiveness of using nanofluids 
within closed or inclined cavities, whether filled with fluid 
alone or with porous layers. Experiments have shown that 
adding nanoparticles such as ZnO, Al₂O₃, Cu, and SiO₂ at low 
volume fractions significantly improves thermal performance, 
especially at low Rayleigh numbers. The results also revealed 
that the shape and location of the heat source, the presence of 
porous layers, and varying particle properties all affect the 
intensity of convection and the direction of fluid flow. Various 
numerical methods, such as the volumetric method and the 
finite element method, have been used to analyze the thermal 
and kinetic patterns within these cavities. Most studies have 
concluded that there is an optimal limit for nanoparticle 
concentrations that achieves the highest heat transfer 
efficiency without disrupting fluid stability or causing 
increased entropy generation [14-21]. However, hybrid 

nanofluids have been attracted for better heat transfer by 
natural convection inside closed square cavities, because of its 
high potential to improve the thermal properties of the fluid, 
such studies recently revealed that a mixture of the Al2O3-Cu 
nanoparticles in the base Water has considerable ability to 
increase the Nusselt number, especially at high Rayleigh 
numbers which increase the efficiency of passive cooling 
systems relying on natural convection [22, 23]. Gul et al. [24] 
performed the numerical analysis of natural convection heat 
transfer in a permeable chamber containing a Cu + Al₂O₃/H₂O 
hybrid nanofluid under the influence of a magnetic field using 
the finite volume method. The focus was on the effects of the 
nanoparticle ratio, Rayleigh number, Hartmann number, and 
porosity coefficient on improving the heat flow and transfer 
within the chamber. The results showed that increasing the 
nanoparticle concentration enhances convective heat transfer 
within the chamber, and that higher Rayleigh and Darcy 
numbers improve the thermal performance of the system, 
while the effect of porosity was limited. It was also shown that 
clockwise flow rotation contributes to better heat distribution 
and that hybrid nanofluids outperform conventional fluids in 
improving overall thermal properties. 

The purpose of this study is to investigate the behavior of 
natural convection heat transfer and hybrid nanofluid 
(SWCNT + MgO / Water) flow distribution inside a closed 
square cavity that has three different geometrically shaped 
heated inner cylinders, while considering the effect of a 
moving upper wall with a constant velocity. This is of interest 
in the sense of studying the influence of the cylinder's 
geometric shape on the fluid flow structure and shape of flow 
lines (in terms of the following cylinder geometries: square, 
rectangular, circular, ellipse, and rhombus). Investigate the 
temperature distribution within the cavity and its impact on the 
thermal conductivity performance. A hybrid nanofluid for 
enhanced thermal systems, thermal performance 
measurement, and analysis in a closed geometry. It also helps 
in the better design of thermal structures for cooling systems, 
electronic devices, or heat exchangers.  

 
 

2. NUMERICAL PROBLEM DESCRIPTION 
 

Figure 1 shows a numerical model for studying the heat 
transfer by natural convection and the flow of a hybrid 
nanofluid (Mg + SWCNT / Water) inside a closed chamber 
square cavity (L = H = 1 m) filled with this fluid. The left and 
right walls of the cavity are exposed to a cold temperature (Tc 
= 300 K), while the upper and lower walls are thermally 
insulated, which prevents heat transfer through them. A 
cylinder is inserted into the center of the cavity, and this 
cylinder can take various shapes, such as square, circular, oval, 
or rhombus, and be heated with constant heat, that is, its inner 
walls are considered a source of heat. The downward direction 
of gravity g affects the fluid flow inside the cavity, creating 
natural convection currents that depend on the thermal 
differences between the heated cylinder and the cooled walls. 
In this model, the thermal distribution is analyzed, and flow 
lines are formed to study the efficiency of heat transfer using 
a hybrid nanofluid. 
 
2.1 Thermophysical properties of hybrid nanofluid 
 

A set of mathematical equations used to calculate the 
thermophysical properties of components of nanomaterials 
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(MgO + SWCNT) mixed with pure water at a temperature of 
298 K includes volumetric fractions, density, dynamic 
viscosity, thermal conductivity, and thermal diffusivity, and 
applied at volumetric fractions (0.4%) for both nanoparticles. 
It is noted that water has a lower thermal conductivity 
compared to the nanomaterials, while SWCNT exhibits the 
highest thermal conductivity, making it more efficient at 
enhancing heat transfer when added to the base fluid. 

 

 
 

Figure 1. Numerical model of natural convection in a square 
cavity containing a heated cylinder and a hybrid nanofluid 
 

∅hybrid-nanofluid = ∅nanoparticle 1 + ∅nanoparticle 2 (1) 
 
𝜌𝜌ℎ𝑛𝑛𝑛𝑛 = 𝜌𝜌𝑛𝑛𝑛𝑛1∅𝑛𝑛𝑛𝑛1 + 𝜌𝜌𝑛𝑛𝑛𝑛2∅𝑛𝑛𝑛𝑛2 + �1 − ∅ℎ𝑛𝑛𝑛𝑛�𝜌𝜌𝑏𝑏𝑏𝑏  (2) 

 
𝐶𝐶𝑝𝑝ℎ𝑚𝑚𝑚𝑚 = ∅𝑛𝑛𝑛𝑛1𝜌𝜌𝑛𝑛𝑛𝑛1𝐶𝐶𝑝𝑝𝑛𝑛𝑛𝑛1

𝜌𝜌ℎ𝑛𝑛𝑛𝑛
+

∅𝑛𝑛𝑛𝑛2𝜌𝜌𝑛𝑛𝑛𝑛2𝐶𝐶𝑝𝑝𝑛𝑛𝑛𝑛2
𝜌𝜌ℎ𝑚𝑚𝑚𝑚

+ �1−∅ℎ𝑛𝑛𝑛𝑛�𝜌𝜌𝑏𝑏𝑏𝑏𝐶𝐶𝑝𝑝𝑏𝑏𝑏𝑏
𝜌𝜌ℎ𝑛𝑛𝑛𝑛

  (3) 

 
𝜇𝜇ℎ𝑛𝑛𝑛𝑛 =

𝜇𝜇𝑏𝑏𝑏𝑏
�1 − ∅𝑛𝑛𝑛𝑛1 − ∅𝑛𝑛𝑛𝑛2�

2.5 (4) 

 

𝜆𝜆𝑚𝑚𝑚𝑚𝑚𝑚 = 𝜆𝜆𝑏𝑏𝑏𝑏
�
∅𝑛𝑛𝑛𝑛1𝜆𝜆𝑛𝑛𝑛𝑛1+∅𝑛𝑛𝑛𝑛2𝜆𝜆𝑛𝑛𝑛𝑛2

∅total 
�+2𝜆𝜆bf 

�
∅𝑛𝑛𝑛𝑛1𝜆𝜆𝑛𝑛𝑛𝑛1+∅𝑛𝑛𝑛𝑛2𝜆𝜆𝑛𝑛𝑛𝑛2

∅total 
�+2𝜆𝜆bf 

+2�∅𝑛𝑛𝑛𝑛1𝜆𝜆𝑛𝑛𝑛𝑛1+∅𝑛𝑛𝑛𝑛2𝜆𝜆𝑛𝑛𝑛𝑛2�−2(∅total 𝜆𝜆bf )

−�∅𝑛𝑛𝑛𝑛1𝜆𝜆𝑛𝑛𝑛𝑛1+∅𝑛𝑛𝑛𝑛2𝜆𝜆𝑛𝑛𝑛𝑛2�+�∅total 𝜆𝜆𝑏𝑏𝑏𝑏�

  (5) 

 
Table 1 shows the thermophysical properties of the hybrid 

nanofluid (SWCNT + MgO / water) at a volume concentration 
of 0.4%, which were obtained after applying the mathematical 
equations for calculating the equivalent properties. The values 
indicate that adding nanoparticles to water increased the 
thermal conductivity of the fluid, enhancing its heat transfer 
efficiency compared to the pure base fluid. 

 
Table 1. Hybrid nanofluid (SWCNT + MgO / Water) 

thermophysical properties 
 

Ø ρ (kg‧m-3) λ (W‧m-1‧K-1) Cp (J‧kg-1‧K-1) 
0.4 % 1005.4316 0.622 4136.753 

 
2.2 Fluid governing equations and boundary conditions 
 

Based on Figure 1, which represents a closed square cavity 
filled with a hybrid nanofluid, with a heated inner cylinder of 
various shapes (square, round, oval, or rhombus), the side 
walls are cooled (Tc), the upper and lower walls are thermally 

insulated, in addition, the upper wall moves at a constant 
velocity (u = 0.2 m/s). The boundary conditions applied to the 
numerical model of a closed square cavity with a heated inner 
cylinder and a movable upper wall can be illustrated as in 
Table 2. The governing equations and physical context can be 
described based on the following assumptions: 
• Two-dimensional flow (2D). 
• Uncompressed (Incompressible). 
• Stable (Steady-state). 
• Perfect hybrid nanofluid. 
• Radiation and displacement effects are small and 

negligible. 
 

Table 2. Base fluid at the temperature of (298 K) and 
Nanomaterials thermophysical properties [25, 26] 

 
 ρ (kg‧m-3) λ (W‧m-

1‧K-1) 
Cp (J‧kg-

1‧K-1) µ (Pa‧s) 

Water 997.1 0.594 4183 0.00089 
SWCNT 2600 6600 425 -------- 

MgO 3560 45 955 -------- 
 
The governing equations of the Navier-Stokes and energy 

equations are written as [27-29]: 
 

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= 0  (6) 
 

𝑢𝑢 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝑣𝑣 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= − 1
𝜌𝜌
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝑣𝑣 �𝜕𝜕
2𝑢𝑢
𝜕𝜕𝑥𝑥2

+ 𝜕𝜕2𝑣𝑣
𝜕𝜕𝑦𝑦2

�  (7) 
 

𝑢𝑢 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝑣𝑣 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= − 1
𝜌𝜌
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+𝑣𝑣 �𝜕𝜕
2𝑣𝑣

𝜕𝜕𝑥𝑥2
+ 𝜕𝜕2𝑣𝑣

𝜕𝜕𝑦𝑦2
� + 𝑔𝑔𝑔𝑔(𝑇𝑇 − 𝑇𝑇𝑜𝑜)

  (8) 

 
The last term of the above equation represents the buoyancy 

force as a result of the change in density with temperature (the 
effect of natural convection). 

 
𝑢𝑢 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝑣𝑣 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= 𝛼𝛼 �𝜕𝜕
2𝑇𝑇

𝜕𝜕𝑥𝑥2
+ 𝜕𝜕2𝑇𝑇

𝜕𝜕𝑦𝑦2
�  (9) 

 
In the case of a fluid flowing inside a closed square cavity 

when there is a disturbance, the turbulence model can be used 
(k-ꞷ), which is one of the most famous models adopted in 
computational fluid dynamics, especially in cases that contain 
solid and close walls (such as closed cavities of all kinds). The 
model (k-ꞷ) is based on solving two additional perturbation 
equations as follows: 

 
𝜕𝜕(𝜌𝜌𝜌𝜌)
𝜕𝜕𝜕𝜕

+
𝜕𝜕�𝜌𝜌𝑢𝑢𝑗𝑗𝑘𝑘�
𝜕𝜕𝑥𝑥𝑗𝑗

= 𝑃𝑃𝑘𝑘

−𝛽𝛽∗𝜌𝜌𝜌𝜌𝜌𝜌 +
𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗

�(𝜇𝜇 + 𝜎𝜎𝑘𝑘𝜇𝜇𝑡𝑡)
𝜕𝜕𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗

�
 (10) 

 
𝜕𝜕(𝜌𝜌𝜌𝜌)
𝜕𝜕𝜕𝜕

+
𝜕𝜕�𝜌𝜌𝑢𝑢𝑗𝑗𝜔𝜔�
𝜕𝜕𝑥𝑥𝑗𝑗

= 𝛼𝛼
𝜔𝜔
𝑘𝑘
𝑃𝑃𝑘𝑘

−𝛽𝛽𝛽𝛽𝜔𝜔2 +
𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗

�(𝜇𝜇 + 𝜎𝜎𝜔𝜔𝜇𝜇𝑡𝑡)
𝜕𝜕𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗

�
 (11) 

 

𝑃𝑃𝑘𝑘 = 𝜇𝜇𝑡𝑡 �
𝜕𝜕𝑢𝑢𝑖𝑖
𝜕𝜕𝑥𝑥𝑗𝑗

+
𝜕𝜕𝑢𝑢𝑗𝑗
𝜕𝜕𝑥𝑥𝑖𝑖

�
𝜕𝜕𝑢𝑢𝑖𝑖
𝜕𝜕𝑥𝑥𝑗𝑗

 (12) 
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Table 3. All boundary conditions are applied to the walls of a closed chamber, a square cavity, and an inner cylinder 
 

Wall Location Velocity Vector (m/s) Temperature (K) Physical Type 
Left u = v = 0 T = Tc Fixed the cooler wall  

Right u = v = 0 T = Tc Fixed the cooler wall 

Top u = 0.2 m/s ∂T/∂y = 0 Thermally insulated movable wall v = 0 
Bottom u = v = 0 ∂T/∂y = 0 Thermally insulated fixed wall 

Inner Cylinder u = v = 0 T = Th fixed heated surface 
 

𝜇𝜇𝑡𝑡 =
𝜌𝜌𝜌𝜌
𝜔𝜔

 (13) 

 
The mathematical equations related to the Rayleigh, 

Grashof, Prandtl, and Nusselt numbers and heat flux, which 
are usually used in the analysis of heat transfer by natural 
convection inside cavities or surfaces, can be expressed as 
follows [30, 31]: 
 

𝐺𝐺𝐺𝐺 =
𝑔𝑔𝑔𝑔(𝑇𝑇ℎ − 𝑇𝑇𝑐𝑐)𝐿𝐿𝑐𝑐𝑐𝑐3

𝑣𝑣2
 (14) 

 

𝛼𝛼 =
𝜆𝜆

𝜌𝜌 × 𝐶𝐶𝑝𝑝
 (15) 

 

𝑃𝑃𝑃𝑃 =
𝑣𝑣
𝛼𝛼

=
𝜇𝜇𝐶𝐶𝑝𝑝
𝜆𝜆

 (16) 

 

𝑅𝑅𝑅𝑅 = 𝐺𝐺𝐺𝐺 × Pr =
𝑔𝑔𝑔𝑔(𝑇𝑇ℎ − 𝑇𝑇𝑐𝑐)𝐿𝐿𝑐𝑐𝑐𝑐3

𝛼𝛼𝛼𝛼
 (17) 

 

𝛽𝛽 =
1
𝐾𝐾

 (18) 

 

𝑇𝑇ℎ =
𝑅𝑅𝑅𝑅 × 𝛼𝛼 × 𝑣𝑣
𝑔𝑔 × 𝛽𝛽 × 𝐿𝐿𝑐𝑐𝑐𝑐3

+ 𝑇𝑇𝑐𝑐 (19) 

 
𝑞𝑞′′ = ℎ(𝑇𝑇ℎ − 𝑇𝑇𝑐𝑐) (20) 

 

𝑁𝑁𝑁𝑁 =
ℎ × 𝐿𝐿𝑐𝑐𝑐𝑐

𝜆𝜆
 (21) 

 

𝑞𝑞′′ =
𝑁𝑁𝑁𝑁 × 𝜆𝜆
𝐿𝐿𝑐𝑐𝑐𝑐

(𝑇𝑇ℎ − 𝑇𝑇𝑐𝑐) (22) 

 
𝐶𝐶𝑓𝑓 =

𝜏𝜏𝑤𝑤
1
2 𝜌𝜌𝑈𝑈𝑟𝑟𝑟𝑟𝑟𝑟

2
 (23) 

 

𝜏𝜏𝑤𝑤 = 𝜇𝜇 �
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
�

wallre 
 (24) 

 
Table 3 shows the boundary conditions applied to the edges 

of the numerical model, which is a closed square cavity 
containing an internal cylinder of various shapes. All side 
walls, the base, and the internal cylinder are in the adhesion 
condition (u = v = 0), where the left and right walls are set at a 
constant temperature T = Tc and the internal cylinder at T = 𝑇𝑇ℎ. 
The upper surface moves horizontally at a constant velocity u 
= 0.2 m/s (lid-driven) with a zero vertical component v = 0, 
and the upper and lower surfaces are thermally insulated 
(∂T/∂y = 0). These conditions fully determine the velocity and 
heat exchange used in the numerical solution of the problem. 
 

3. NUMERICAL SIMULATION TECHNIQUE 
 
3.1 Creating mesh and independence test 
 

The numerical model of the cavity was built using the 
ANSYS Workbench program, where the numerical mesh was 
generated using the ANSYS Meshing tool. The model consists 
of a chamfered square enclosure, inside which there is an 
internal body representing a cylinder of various geometric 
shapes. Four-cylinder shapes have been studied, namely: 
square, circular, horizontal ellipse, and rhombus, as shown in 
Figure 2. An irregular numerical mesh (unstructured mesh) 
consisting of triangular and quadrilateral elements, with a 
pronounced thickening of the mesh around the inner shape, 
was used to increase the accuracy of calculations in areas 
where sharp changes in flux or heat transfer are expected. The 
distribution of the mesh is also gradually improved from the 
boundaries of the inner shape towards the walls of the outer 
cavity, providing an effective numerical representation while 
maintaining the stability of numerical solutions. For objects 
with sharp angles (such as square and rhombus shapes), the 
cells were additionally reduced in size around the corners to 
reduce the possible numerical error caused by the 
concentration of thermal or fluid voltage. In the case of the 
round and oval shapes, a symmetrical and smooth mesh has 
been generated around the curved border to facilitate the 
representation of flow and flowability. This variety of 
geometric shapes is aimed at studying the influence of the 
internal shape of the cylinder on the temperature distribution 
and the behavior of the flow inside the cavity, which enhances 
the understanding of physical phenomena associated with heat 
transfer by natural or forced convection. Figure 3 illustrates 
the mesh independence test for the numerical solution used in 
this study. It can be observed that the Nusselt number (Nu) 
clearly decreases with an increase in the number of mesh 
elements. A significant change in values is evident at low 
numbers of elements, after which the values gradually stabilize 
when the number of elements exceeds approximately 27,000. 
This behavior indicates that the numerical solution becomes 
independent of the mesh size beyond this point, demonstrating 
the efficiency of the chosen mesh resolution in representing 
the physical domain without an unnecessary increase in the 
number of computational elements. 

 

 
 

Figure 2. Mesh generation of the model for various 
configurations: (a) Square, (b) Circular, (c) Ellipse, and (d) 

Rhombus 
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Figure 3. Test of the mesh independence of the numerical simulation model 
 

 
 

Figure 4. Analysis of the convergence of the numerical solution of turbulent flow in a square cavity containing an internal 
cylinder 

 
3.2 Convergence of numerical solution 
 

Figure 4 represents the evolution of the residual values of 
the governing equations during several iterations up to 500 
steps, which reflects the closeness and stability of the 
numerical solution in the turbulent normal load model inside a 
square cavity containing a cylinder of various geometric 
shapes. The k-omega model was used to calculate the 
turbulence in the flow, and operating conditions were adopted 
at high Rayleigh numbers, which shows the influence of 
normal load strongly on the fluid flow. It can be noted that all 
the remaining values decrease significantly during the first 100 
repetitions, which indicates a rapid response of the numerical 
system towards equilibrium. As the iterations continue, the 
values begin to stabilize at low levels, with most of them 
stabilizing in the range between 10-3 to 10-5, which is 
acceptable in turbulent flow studies. The velocity equation in 
the x-direction shows good convergence until it reaches the 
limits of 10-9, which indicates a high accuracy in solving the 
velocity components. The fact that the residuals remain within 
the limits of stability without significant fluctuations indicates 
that the numerical solution has reached the stage of stability 
and numerical convergence, which is a prerequisite for 
ensuring the reliability of the results extracted from the study. 
 
 

4. RESULTS AND DISCUSSIONS 
 

Figure 5 represents the relation of the Nusselt number (Nu) 
to the Rayleigh number (Ra) of four different shapes of 
cylinders (square, circular, ellipse, rhombus) placed inside a 
closed square cavity. It can be seen that the Nusselt number 
increases with an increase in the Rayleigh number for all 
forms, reflecting the improvement of heat transfer by natural 
convection with increasing convection forces. It can be seen 
that a circular cylinder achieves the highest values of the 
Nusselt number at all Rayleigh values, followed by an ellipse, 
then a square, and finally a rhombus that achieves the lowest 
thermal performance. These results can be explained by the 
effect of the cylinder shape on the air flow inside the cavity, 
where the circular cylinder allows a smoother flow of fluid 
around it, which leads to enhanced heat transfer and reduced 
flow resistance, thereby increasing the number of Nusselt. The 
elliptical cylinder, although flattened, retains an acceptable 
flowability, which allows good heat transfer, albeit less than 
the round cylinder. As well as a square cylinder, it has sharp 
corners that cause a disturbance in the air flow and localized 
stagnation, which relatively impairs heat transfer. Finally, the 
rhomboid cylinder (diamond-shaped) leads to maximum 
turbulence of the flow and the formation of large stagnation 
zones, which reduces the efficiency of heat transfer and leads 
to the lowest values of the Nusselt number. Thus, an increase 
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in the Rayleigh number means an increase in the convection 
effect, and the more streamlined the shape of the cylinder (like 
a circle), the better this effect can be exploited, which leads to 
an increase in the Nusselt number and improved thermal 
performance. 

 

 
 

Figure 5. Variation of Nusselt number with Rayleigh 
numbers for different cylindrical shapes inside a closed 

square cavity 
 
Figures 6–8 represent the temperature distribution, 

streamlines, and pressure distribution inside a closed square 
cavity containing various cylindrical shapes (square, circular, 
oval, and rhombic), at different Rayleigh numbers (Ra = 109 
to 1012). We can see from the temperature maps (Figure 6) that 

heat transfer by natural convection increases with increasing 
Rayleigh number. The temperature gradient changes from a 
linear distribution at Ra = 109 to a more complex, nonlinear 
distribution at Ra = 1012, indicating a transition from uniform 
natural convection to turbulent natural convection. Rhombic 
and elliptical objects exhibit steeper temperature gradients at 
higher numbers, indicating that they contribute more to 
convection than other shapes, especially the rhombic shape at 
Ra = 1012.  The streamlines (Figure 7) demonstrate the 
development of vortices within the cavity as the Rayleigh 
number increases. At Ra = 109, the streamlines are relatively 
simple and symmetrical. However, at Ra = 1012, several 
secondary vortices and complex flow regions appear, 
particularly around sharp-angled objects such as diamonds, 
demonstrating the effect of shape on internal flow 
redistribution. The circular shape exhibits less turbulent 
streamlines than other shapes, indicating less flow resistance. 
Finally, the pressure map (Figure 8) shows that pressure 
differences within the cavity increase with Rayleigh number, 
with high- and low-pressure regions increasing, particularly at 
the upper and lower walls. The effect of shape is very clear. 
For example, the square and diamond shapes exhibit a more 
asymmetric and high-pressure distribution at Ra = 1012, 
indicating stronger driving forces affecting convection 
currents within the cavity. Accordingly, the geometric shape 
of the internal body within the cavity greatly affects the natural 
convection characteristics, as sharp corners (as in the 
rhomboid shape) enhance internal vortices and increase heat 
transfer, especially at large Rayleigh numbers, providing an 
important engineering guide to improve the efficiency of 
natural convection cooling systems using appropriate internal 
shapes.

 

 
 

Figure 6. Contours of temperatures for the chamber square cavity at various cylinder shapes 
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Figure 7. Patterns of streamlines flow for the chamber square cavity at various cylinder shapes 
 

 
 

Figure 8. Contours of pressure for the chamber square cavity at various cylinder shapes 
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5. CONCLUSIONS 
 

This numerical study analyzes natural convection heat 
transfer within a closed square cavity with chamfered corners. 
The cavity contains a symmetrical inner body with a constant 
hydraulic diameter but with different geometric shapes 
(square, circle, ellipse, and rhombus). A hybrid nanofluid 
(Mg+ SWCNT / Water) was used to enhance the heat transfer, 
and simulations were performed over a wide range of Rayleigh 
numbers (Ra = 10⁹ to 10¹²) using a turbulent flow model. The 
study focuses on the effect of the inner cylinder geometry on 
the thermal performance, temperature distribution, and 
streamlines within the cavity. The results showed clear 
differences in heat transfer efficiency depending on the inner 
body shape, as follows: 
• The circular shape achieved the highest Nusselt number 

at Ra = 10¹², reaching approximately 710, outperforming 
all other shapes, demonstrating greater heat transfer 
efficiency. 

• The elliptical shape showed thermal performance close to 
that of the circular shape, with a Nusselt number at Ra = 
10¹² of approximately 690, indicating that horizontal 
expansion improves the distribution of convection 
currents. 

• The rhomboid shape achieved the lowest Nusselt number 
at all Rayleigh values, recording a value of only 
approximately 460 at Ra = 10¹², indicating that sharp 
angles reduce convection efficiency. 

• A significant increase in the Nusselt number was 
observed with increasing Rayleigh value. For the square 
shape: from approximately 380 at Ra = 10¹² to 
approximately 560 at Ra = 10¹². And for circular shape 
from approximately 450 to 710 for the same Ra range. 

• Streamline maps showed the formation of complex, 
spiraling vortices at Ra = 10¹², especially with circular 
and elliptical shapes, indicating highly efficient heat 
transfer. 

• The color distribution shows that circular and elliptical 
shapes allow for more homogeneous heat transfer 
compared to the diamond shape, which retains stagnant 
thermal zones. 

• The increase in Nusselt number with increasing Rayleigh 
numbers reflects a significant improvement in the 
efficiency of heat transfer within the cavity, 
demonstrating the ability of the hybrid nanofluid to 
enhance natural convection. This behavior could be 
linked to the potential use of such systems to improve the 
performance of thermal cooling systems by promoting 
more effective heat removal in engineering applications 
that require high thermal efficiency. 

As a suggestion for future studies, the study could be 
expanded to include a three-dimensional simulation to capture 
out-of-plane flow effects not reflected in the current two-
dimensional model. Additionally, thermal radiation effects 
could be incorporated into the analysis to gain a more 
comprehensive understanding of heat transfer in complexly 
shaped cavities, especially in high-temperature applications. 
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NOMENCLATURE 
 
Cf skin friction 
Cp heat capacity at constant pressure, J‧kg-1‧K-1 
H height of enclosure, m 
k turbulence of kinetic energy 
L length of enclosure, m 
Nu Nusselt number 
P turbulence power generation rate 
p pressure, Pa 
Ra Rayleigh number 
Dh hydraulic diameter of cylinder, m 
T temperature, K 
 
Greek symbols 
 
ꞷ specific dissipation rate  
µ dynamics viscosity, Pa‧s 
Ø volume fraction  
α thermal diffusivity, m2‧s-1 
ᵦ coefficient of thermal expansion, 1‧K-1 
λ thermal conductivity, W‧m-1‧K-1 
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ρ density, kg‧m-3 
τw shear stress of the wall 
υ kinematics viscosity, m2‧s-1 

Greek symbols 

CFD computational fluid dynamics 
FVM finite volume method  
HNF hybrid nanofluid  
MgO magnesium oxide  
SWCNT single-walled carbon nanotube 

Subscripts 

bf base fluid 
c cold 
ca characteristic 
f friction 
h hot 
hnf hybrid nanofluid 
j velocity component 
np nanoparticle 
t turbulence 
w wall 
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