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Abstract: This review of the current literature highlights the barriers present within cavities and their contribution
to heat dissipation and cooling of various activities. This study shows a set of factors that affect the function of
the obstacle (shape, length, size, thickness, and location of the obstacles). The variation in boundary conditions
between obstacles and cavity walls has opened up broad horizons for scientific research in the field of heat transfer
(HT) and fluid flow. Despite significant progress, research gaps remain. Most previous studies have focused on
simple shaped obstacles within cavities with uniform boundaries. There is a distinct lack of studies exploring the
effect of complex such as U/L/H shapes or orientable obstacles within complex cavities or under dynamic conditions
such as non-uniform heating or varying magnetic fields. It was found that the Nusselt number increased by 15.56%
depending on the shape of the internal obstacle, which gives an advantage to some obstacle shapes over others and
highlights the importance of choosing the obstacle and cavity shape so that the best HT is obtained. This study is
the first to compare simple and complex shapes of obstacles, and this is the innovative point of this review.
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1 Introduction

Convection inside cavities has received a great deal of study because it is fundamentally different from heat
transfer (HT) on external surfaces, where boundary conditions play a pivotal role in controlling the heat transfer
rate (HTR) and fluid flow inside closed cavities. This in turn leads to non-uniform heat distribution in a cavity, a
fundamental challenge for researchers. The cavities are a promising field in many industrial applications. Rapid
progress in the field of computing and simulation software has provided researchers with an opportunity to investigate
HT and fluid flow in cavities and use complex boundary conditions and invent more complex shapes and different
parameters to enhance HT performance [1].

The importance of obstacles inside cavities emerged with the emergence of the importance of heat convection
and its consideration as a promising, clean and economical technique that can be exploited in electronic cooling
and heat dissipation in various current industries [2]. In recent research, Rashid et al. [3] used a wavy channel
to in enhance the HTR. Hashim et al. [4] studied HT through a wavy wall. Nasir et al. [5] examined inspected
irreversibility phenomenon produced by thermal exchange in nano liquid flow past a radially flexible disk. Sadeghi
et al. [6] investigated the effect of fins on HT performance.

Recently, nanofluids have attracted extensive research interest due to their exceptional HT properties and their
potential exploitation in a wide range of possible applications, including: energy storage systems, HT enhancement,
solar collectors, crystal growth in magnetically influenced cavities, Cooling electronic systems, nuclear reactors, metal
cooling in open-surface reservoirs, technologies of biomedical [7], and automotive thermal control systems [8]. Li
et al. [9] employed an artificial neural network (ANN) backpropagation technique, Amplified with the Bayesian
regularization approach. Numerical simulations were carried out by Cherif et al. [10], to depict hydrothermal
attributes generated by spinning heated obstacles fitted in triangular chamber. Role of gradients produced by
buoyantly driven forces to enhance exchange in heat by placing obstruction in a chamber was revealed by Khan et
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al. [11]. Abed et al. [12] investigated the effect of magnetic field (MF) on HT. Abdulsahib et al. [13]. Studied the
effect of objects inside cavities on the HTR.

Minea [14] classified hybrid materials into three types based on electron orbitals and covalent bonding between
polymerized silanol molecules. Turcu et al. [15] found that hybrid nanofluid enhance HT due to a synergistic effect
compared to mono nanofluid. Huminic and Huminic [16] showed that hybrid nanoparticles, due to their improved
physiochemical properties, offer better thermal performance and stability than single nanoparticles. Nasir et al. [17]
mathematically analyzed hybrid nanofluid flow under mixed convection, considering radiative energy and nonlinear
thermal effects over an exponential domain. Chamkha et al. [18] Surveyed natural convection (NC) in a semicircular
cavity and this numerical study proved that the hybrid nanofluid enhances HT better than the conventional fluid.
There are many excellent works that have been adopted for the purpose of benefiting from them in how to exploit
hybrid nanofluids in various engineering and industrial applications [19].

The elements or objects inside cavities helps control HT by providing both passive and active HT, which
contributes effectively to many applications in automotive, electronics, aerospace, vacuum and engineering
systems [20]. Moukalled and Acharya [21] studied of the effect of a rotating solid body inside a closed cavity,
as this body affected the formation of vortices and HT. Nasir et al. [22] tried to control the HTR of a nanofluid
by introducing a magnetic field. Dutta et al. [23] found that the magnetic field inhibits HT. Nasir et al. [24]
used computational to design a trihybrid nanofluid, show significant superiority in thermal properties compared to
conventional fluids.

Saha [25] Investigate the effect of magnetic field on NC in a trapezoidal cavity filled with a nanofluid. Geridonmez
and Oztop [26] examined the effect of crossed, partially guided magnetic fields on the hydrothermal performance
of nanofluids in an enclosure, and reported a weakening in convective flow strength. Similarly, Alsabery et al. [27]
analyzed the role of solid nanoparticle inclusion in enhancing thermal performance, attributing the improvement to
the intensified magnetic field effects. Sreedevi and Reddy [28] assessed the effect of Brownian motion on HT.

Saravanan and Sivaraj [29] analyzed the interaction between thermal radiation and NC in a square cavity including
a heat source. It was shown that with increasing the dimensions of the heat source, the HTR will improve, as heat
convection increases in the upper part of the cavity while heat conduction dominates in the lower part of the cavity.
Rahimi et al. [30] examined NC in a cavity filled with a nanofluid, and the effect of the internal heater position,
as well as the Ra and nanofluid concentration, on HT and entropy generation was investigated. The results of this
study showed that the heater position affects the fluid flow and the Nusselt number (Nu) increases with increasing
nanofluid concentration and increasing Ra.

The effect of the upper wavy wall of a square cavity filled with a nanofluid analyzed by Uddin et al. [31], The
results showed that the HT improved by 20% with increasing the Ra, wall number, and nanoparticle concentration,
while it decreased with increasing the Hartmann number (Ha) and nanoparticle size. The wavy walls of the cavities
increase NC but the increased number of waves reduces the Nu [32]. A study by Ismail et al. [33] showed that the
presence of an obstacle within the cavity affects the fluid flow and creates a hydrodynamic obstruction.

Kalidasan and Kanna [34] studied NC in an L-shaped cavity and the effect of the presence of body inside the
cavity filled with a hybrid nanofluid. Mohebbi and Rashidi [35] determined that the greatest HT occurs when the
obstacle is located near the lower left corner of the cavity. Bouchoucha et al. [36] explored generation of entropy in
cavity with a thick bottom wall and found that increasing the thickness of wall results in a reduction in generation of
entropy.

Many studies have showed that increasing Ra significantly enhanced NC, leading to a higher Nu and increased
HT efficiency [37]. In the work of Armaghani et al. [38], examined NC of a (AlsO3-H50) in an L-shaped cavity
equipped with a baffle.

The current study aims to shed light on the obstacles and objects present inside cavities filled with different fluids.
It shows that there is a lack in the experimental researches and a scarcity in comparisons between experimental and
numerical results, as well as being limited only to conventional obstacle shapes (square, rectangular, cylinder,
triangle, ..., etc.) without verifying more complex shapes. This is the research gap in this study.

This review uniquely covers recent studies from 2020 to 2025, proposes a new classification for obstacle shapes
(simple vs. complex), analyzes contradictory findings in obstacle configurations, and presents a comparative
discussion of Finite Element Method (FEM) and Finite Volume Method (FVM) approaches elements not addressed
in previous reviews.

In the next part of the review, the review is structured based on the types of obstructions within the cavities.

2 Types and Classifications of Obstacles
2.1 Triangular Obstacles

Chatterjee et al. [39] studied NC of a (AlO3-H»0) in triangular cavity containing an inverted triangular hot
obstacle. FEM was used. Parameters used, including Ra (102~10°) and the size of obstacle. The results showed
that the best HTR is achieved at the smallest obstacle size, smaller obstacle size means less obstruction to fluid
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flow. Roshani et al. [40] studied NC of a (Al;03-H2O) in a triangular cavity containing obstacles inverted triangle.
parameters such as Ra (103~10°) was studied. This study proved that the obstacle enhanced HT and thus resulted in
an increase in the Nu values. The obstacle within the cavity disrupts the streamline, creating local vortices. These
vortices move the fluid better near hot and cold surfaces, reducing the thickness of the thermal boundary layer. Yaseen
et al. [41] studied NC in triangular enclosure filled with a shear-thinning non-Newtonian fluid, Results showed that
increasing Ra intensifies convection and improved (Nu). Lower power-law index (n) values, representing stronger
shear-thinning behavior, lead to higher N due to reduced viscosity. The best HT occurred when the obstacle was
placed closest to the heated base (B = 0.2 H).

Mahmuda and Ali [42] studied NC of (Al;03-H;0) in a square cavity containing a centrally placed heat-
conducting triangular obstacle. The influence of a transverse magnetic field was considered using the FEM. The
effects of the Ra, Ha, and (¢) were investigated. Results indicated that the obstacle enhances fluid mixing and
generates thermal vortices, leading to thinner thermal boundary layers and an increased Nu, thus enhancing HT.
Increasing Ra strengthened convection, while higher Ha values suppressed flow intensity due to magnetic damping.
Furthermore, adding nanoparticles enhanced thermal conductivity and improved the overall thermal performance of
the system.

Maneengam et al. [43] used Generalized Finite Element Method (GFEM) to investigate the HT in a square cavity
with a wavy bottom wall filled with a hybrid nanofluid inside which several obstacles of different shapes were placed.
The study proved that the triangular obstacles provided the best HT, and that increasing the undulations and Ha
reduces the HT efficiency. The triangular obstacles enhanced the Nu by 15.54%. The reason for this is that the
triangular obstacles accelerate the fluid flow and increases the temperature gradient near the hot wall. The FEM is
preferred in NC studies due to its accuracy and flexibility in handling complex geometries and boundary conditions.
In contrast, the FVM, despite its strong conservation properties, faces challenges in such scenarios. As a result, most
recent studies have adopted FEM as the primary modeling approach.

Table 1 presents an organized summary of the most prominent previous studies in terms of reference, researchers,
mathematical model, working fluid, study parameters, geometry, physical model, as well as other aspects related to
the subject of the study.

Table 1. Summary of the literatu rereview relatingtothe current work: triangular obstacles

Math. . . Physical
Ref. Researchers Model Working Fluid Study Parameters Geometry Model
Chatterjee et 00 R 10% B
[39] ! FEM  Al,03-H,0 0< Ha < 70; ey w
al. 0° < ~ < 180° inverted triangular
=7= hot obstacle.
Triangular cavity
[40] Roshanietal. FEM  AlOs—H.0 10° < Ra < 10° with a centrally
placed triangular
cylinder.
Non- 10%2 < Ra < 10%; Triangular cavity
[41]  Yaseenetal. LBM Newtonian Obstacle position (B): with triangular
fluid 0.2H,0.3H,0.4H obstacle.
Mahmuda et 10° < Ra < 10% Squ:;ter;ﬁvn}{awégl :
[42] FEM Al,03-H,0 0 < Ha < 100; ¢ ¥ plac
al. & = 0%-—5% heat-conducting ; :
R triangular cylinder. iy
0 < Ha < 100; .
Maneengam (Al2O3- 107° < Da < 1072, 2D lid-driven porous —
[43] GFEM 2 4 . .
et al. Cu/H20) 10 < Gr < 10% cavity with obstacles. - [ '
N =2-8

D N N

Note: FEM = Finite Element Method; LBM = Lattice Boltzmann Method; GFEM = Generalized Finite Element Method.

2.2 Cylinder and Circular Obstacles

Ghoben and Hussein [44] confirmed that the use of cylinders obstacles inside cavity enhances NC due to the
increase in turbulent flow. double aligned cylinders have a negative effect on the Nu, while the best values of
the Nu occur when double non-aligned cylinders. The cylindrical obstacles is enhancement and suppression of
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HT within cavities. The HTR enhances with increasing heat source diameter, as a result of (Increased surface
area for heat exchange) and that non-uniform heating gave best a result of (creating more effective gradients of
temperature) [45]. The contradiction between the results of studies [44, 45] can be explained by several factors.
First, the boundary conditions differ: study [44] employed uniform wall heating, while Jalili et al. [45] used non-
uniform (sinusoidal) heating at the base of the cavity, which leads to different heat distribution patterns. Second,
the geometric dimensionality varies, as Ghoben and Hussein [44] analyzed a three-dimensional cavity, whereas [45]
focused on a two-dimensional one—significantly affecting flow behavior. Third, each study emphasized different
characteristics: Ghoben and Hussein [44] examined the impact of obstacle alignment (aligned vs. non-aligned),
while Jalili et al. [45] investigated the effect of obstacle number and size. Finally, the variation in heating methods
and resulting flow patterns contributes to the differences in temperature fields and thermal performance, as reflected
in the Nusselt number outcomes. Belmiloud et al. [46] investigated NC in a triangular cavity with inclined isothermal
walls maintained at TC and a thermally insulated base. The cavity contains a cylindrical heat source at temperature
TH and diameter D, placed within a nanofluid composed of HoO and TiO,. The study examines the effects of
(0.01 < ¢ < 0.050), (10%> < Ra < 10°) and heat source position (h) on convective HT enhancement. Results
indicate that thermal performance improves with increasing Ra, ¢, and heat source diameter. These findings suggest
significant potential for optimizing thermal management in systems employing nanofluid-filled triangular cavities
with embedded heat sources.

Munir and Turabi [47] proved that the cold body in the middle of the cavity creates a large gradient of temperature
between the cold obstacle, and the hot walls which enhances HT. The fluid is also forced to rotate around the obstacle,
which enhances mixing and improves HT. It is also divided stream line and this creates thermal vortices that work to
raise. Belhadj et al. [48] studied NC within a triangular cavity filled with (Ag-MgO-H50) under the influence of a
magnetic field and featuring a rotating circular obstacle. The triangular cavity contains a porous quarter circle that is
uniformly heated and is located at the right-angled corner. In this study, examined important parameters, including
(103 < Ra < 109), (0 < Ha < 80), (10~° < Da < 0.15), rotational velocity (w), and the circular radius (rob). The
results indicated that HTR increases with the Ra and decreases with the increase of the Ha. The presence of a porous
medium enhances HT, and increasing its thickness enhances HT. the variations in the obstacle’s rotational velocity,
size, and cavity geometry significantly influence transport of energy within the cavity.

Chabani et al. [49] studied the HT by a Cu-TiO2/EG in a triangular, zigzag porous cavity containing different
cylinders inside and exposed to an inclined magnetic field. The effect of several parameters was examined, including
(10® < Ra < 10%), (0 < Ha < 100), (0.02 < ¢ < 0.08), and the cylinder rotation speed (-400 < w < 4000). This
study concluded that increasing all parameters will increase HTR except for the Ha, where the HTR decreases with
Ha increase.

Bilal et al. [50] presented analysis of HT within a crown-shaped wavy cavity containing a centrally located
heated circular obstacle, utilizing a (cu-cuo-Al,O3-H50). The effects of the obstacle’s radius, (¢), Ra, and Ha under
an inclined magnetic field were investigated. The results showed that increasing both the obstacle size and the (¢)
significantly improved HTR, leading to an enhancement in the average Nu. In contrast, increasing the Ha suppressed
fluid motion and reduced the efficiency of convective HT.

Aslam et al. [51] used FEM to analyze NC resulting from the temperature difference between the cavity walls
and the internal obstacle. A HyO was used to fill the three-dimensional, pyramid-shaped cavity with a hot, circular
internal obstacle in the middle. This study found that the obstacle helped enhance HT, especially with non-uniform
heating, as it contributed to the creation of strong thermal vortices, which enhanced the mixing between the hot and
cold layers.

Turabi et al. [52] studied NC in a staggered Cavity containing a pair of compact circular cylinders. Cavity filled
with (Cuo-Al203) with HoO or ethylene glycol as the base fluid. This study found that each cylindrical obstacle
acts as a barrier and creates strong vortex regions, which increases the mixing of the hybrid nanofluid and thus
enhancement HT efficiency. The cylindrical obstacle increases turbulence and thus raises the Nu values.

Majeed et al. [53] investigated NC characteristics inside a hexagonal cavity containing a centrally placed heated
circular obstacle. This numerical study using Casson fluid. The study contemplated the effects of the Ha, Aspect Ratio
(AR), Casson number, Lewis number (Le), buoyancy ratio, and magnetic field inclination angle. The presence of the
heated circular meaningfully improved local heat and mass transfer by generating strong vortical flows and thinning
the thermal boundary layers. Increasing the obstacle size AR resulted in enhanced HTR, while the application of a
magnetic field suppressed convection by magnetic damping. generally, the heated circular obstacle functioned as a
crucial element in enhancing thermal performance in the hexagonal cavity.

Ali et al. [54] studied HT by using the FEM in a square cavity containing a solid heat-conducting circular obstacle,
thermally conductive obstacle centered in the center of the cavity. A Casson fluid was used. This study proved that
the circular obstacle generates strong vortices around it, which significantly changes the flow patterns. This in turn
increases the turbulence in the flow and thus enhanced HTR.

Akhter et al. [55] investigated NC in a square cavity with a porous medium saturated with a hybrid nanofluid. The
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effect of a hot cylindrical conductive barrier installed in the cavity center was studied. It was found that the cylindrical
obstacle directly affects the flow distribution, creating vortices around the obstacle. This enhances thermal mixing
and enhanced HT from the hot wall to the cold wall, thus increasing the Nu.

Shaker et al. [56] studied HT in a square cavity filled with HoO containing five adiabatic cylindrical obstacles.
This study found that the obstacles led to an increase in HTR and thus the Nu improved with increasing (10.4%,
12%, 16%, and 19%) respectively with the diameters of the obstacles (0.5, 1, 1.5, 2 cm). This study proved that with
increasing the number of obstacles inside the cavity, an additional enhancement in HTR occurs.

Shirin [57] studied NC in a hexagonal cavity. The cavity contains air and a semicircular obstacle located in the
cavity center. The results concluded that the semicircular obstacle led to a modification in the distribution of the
streamlines, as multiple vortices were formed around the obstacle, thus stimulating convection currents, especially
with the increase of the Ra Improved convection HT at high Ra, due to increased buoyancy force and increased
formation of thin thermal boundary layers near the obstacle and hot walls.

Spizzichino et al. [58] analyzed the instability characteristics of a 3D NC flow inside a cold cubic cavity
containing hot and cold horizontally aligned cylinders. Simulations at different cylinder distances and Ra revealed
that the transition to unsteady flow occurs via the first Hopf bifurcation, preserving reflectional symmetries. The
impact of cavity boundary proximity on flow instabilities was highlighted, clarifying how object orientation and
spacing influence the spatiotemporal symmetries of slightly supercritical flows.

Shahzad et al. [59] analyzed double-diffusive NC within a triangular cavity containing an elliptic obstacle under
the influence of a MF. Using the GFEM, the effects of important parameters such as Ha, Ra, Le, and magnetic field
inclination were analyzed. Results indicated that the elliptic obstacle played an essential role in modifying flow
patterns, intensifying vortical structures near the lower cavity, and improving the local heat and mass transfer. The
obstacle, interacting with the MF, effectively controlled the thermal and concentration distributions. Table 2 shows
a summary of previous studies related to the topic of the current research with regard to cylindrical and circular
obstacles, in terms of reference, researchers, mathematical model, working fluid, study parameters, geometry, and
physical model.

Table 2. Summary of the literature review relating to the current work: cylinder and circular obstacles

Math. . . Physical
Ref. Researchers Model Working Fluid Study Parameters Geometry Model
Triangular cavity
Ghoben and 103 < Ra < 106; ) o
[44] Hussein FEM Al;03-H,0 0.02 < ¢ < 0.05 with cylindrical
obstacle.
Triangular cavity
[45] Jalili et al. FEM Aly,03-H,0 10% < Ra < 10° with cylindrical
obstacle.
. Triangular cavity
Belmiloud . 0.01 < ¢ <0.050; . .
[46] et al. FEM TiO2-H>0 10° < Ra < 10 with circular
obstacle.
0 < Ha <50;
102 < Ra < 106; Triangular cavity
Munir and 0.01 < ¢ <0.07; with wavy base AN
[47] Turabi FEM  Ag-MgO-H;0 0° < < 90°; and a circular -
0< N <4, obstacle. —
0.03<a<0.1
. Triangular cavity
Belhadj et 103 < Ra < 106; i .
[48] al. FEM  Ag-MgO/H,O 2000 < w < +2000 with a circular
obstacle.
10® < Ra < 106; Triangular cavity
Chabani et . 0< Ha <100 with a sinuous
[49] al. FEM  Cu-TiOo/EG 0.02 < ¢ < 0.08; chord and a
—400 < w <4000 circular obstacle.
Cu-CuO- 10% < Ra < 10°; Crown-shaped
AlOs/H20 0 < Ha < 100; wavy cavity with
[50] Bilaletal. FEM (Ternary = e y cavily A
hybrid o = 0-0.06; a.centrally heated g
nanofluid) R =0.1-0.2 circular obstacle. L
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Math. . . Physical
Ref. Researchers Model Working Fluid Study Parameters Geometry Model
10* < Ra < 109; Pyramid-shaped
0< Ha <100 cavity with = .
[51] Aslametal. FEM Al303-H20 = 0-0.04: internal hot (O =
0° <~y <90° circular obstacle. =
(ALLO 0< Ha <100; Staggered cavity
23~ 3 6. :
. 10° < Ra < 10°; with two
P21 Turabietal. FEM - Cuf f)i}iﬁerg) ¢ = 0.01-0.07; embedded heated
gy 2 0° <~ <90° circular cylinders.
0 < Ha < 100; Hexagonal cavity
Majeed et . AR = 0.10-0.20; with central
[53] al. FEM Casson fluid B = 1-10; Le = 1-10; heated circular
0° <~ <90° obstacle.
Re = 1-500: Square cav1.ty with
B = 0.1-5: a central circular
[54] Ali et al. FEM Casson fluid 0 < Ha < 100 solid 0bstacl§ and
double moving
Pr =20 .
lids.
10* < Ra <5 x 105; Partially heated
[55] Akhter et FEM Cu- 0 < Ha <100 porous square
al. Al;03/H50 o = 0-5%; cavity with central
1075 < Da < 1072 cylinder.
Rectangular
V =0-0.2m/s; lid-driven cavity
[56] Sha;er ¢ FVM H,0 r = 0.5-2 cm; with five adiabatic
’ @ = 400-900 W cylindrical
obstacles.
Hexagonal cavity
. : 10® < Ra < 10%; with a
[571 Shirin FEM Alr Ha=0 semi-circular cold
obstacle at center.
Spizzichino Cubic cavity with
[ss] P i FVM Air 10* < Ra < 10° two horizontal
’ cylinders.
Viscous 10% < Ra < 10% Triangular cavit
Shahzad et ; 0 < Ha < 50; e Y
[59] FEM Newtonian with central
al fluid Le = 0.1-10; elliptic obstacle
0° < v < 90° P '

Note: FEM = Finite Element Method; FVM = Finite Volume Method.

2.3 Square and Rectangular Obstacles

Alsayegh [60] studied NC in a square cavity filled with a hybrid fluid. A hot rectangular obstacle is located in
the center of the square cavity, connected to the bottom hot wall. the hot obstacle creates strong buoyancy-driven
convection flows and strong thermal vortices are formed. This results in improved mixing and increased HT. However,
increasing the obstacle size narrows the flow path, thus restricting the flow of the hot fluid and reducing the thermal
efficiency.

Thilagavathi and Prasad [61] studied NC in a hexagonal cavity containing a cold square obstacle. The cavity is
exposed to a magnetic field and filled with (Fe3O,4 + TiO2 + Cu-H20). The result of this study is that the presence of
a cold obstacle enhances HT and increases the Nu. As the Ha increases, the Lorentz force is generated, weakening
convection and shifting toward conduction-dominated HT.

Borahel et al. [62] investigated HT in a rectangular cavity filled with air, containing an isothermal square block
placed at different location. The results showed that the block’s location significantly affects the flow patterns within
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the cavity. The study further confirmed that horizontally oriented cavities (low AR) produce higher Nu compared
to vertically oriented cavities. Horizontal cavities (low AR) allow better flow circulation, thereby improving HT,
whereas vertical cavities (high AR) cause flow confinement, which weakens the convective HT.

Santos et al. [63] A studied NC in a square open cavity containing 16 square, solid, thermally conductive
obstacles. The obstacles are uniformly distributed within the cavity. The square, thermally conductive obstacles
affect the flow in several ways: Directing internal flow through flow channels which alters the nature of the flow
lines. Forming unyielded regions at high Bingham number. Influencing temperature distribution and creating a
transition between natural and conductive convection modes. The presence of a centrally heated square obstacle
in the lid-driven hexagonal cavity significantly modifies the flow and thermal fields. Higher Gr and Pr improve
NC and overall HT, while higher Re suppress the buoyancy-driven flow leading to a conduction-dominated regime.
Increasing the power-law index intensifies the velocity field and promotes stronger convective currents [64].

Ayaz [65] used LBM to numerically analyze a mixed convection in a square cavity with a square obstacle in the
middle of the cavity. The cavity is filled with a viscous fluid. The results of this study show a comparison of the
most important cases studied, where the case 1 was without an obstacle, the case 2 was a cold obstacle, and the case
3 was a hot obstacle. This study concluded that the hot obstacle gave the best results in increasing the HTR.

Bouaraour and Lebbi [66] studied of HT of a hybrid nanofluid filling a rectangular cavity with an (AR = 5)
containing a rectangular hot obstacle. This study found that increasing (¢ = 0.08) led to an improvement in the HTR
by 9.8%. The obstacle also contributed to increasing the asymmetry of the flow, which improved the HT. The hot
obstacle leads to an increase in the temperature gradient, and thus improved the overall thermal conductivity and
thus increases the Nu by 4.5%.

Ali et al. [67] studied HT in a square cavity with a wavy bottom wall containing an inclined square obstacle, used
FEM to investigated mixed convection of pure H2O in cavity. This study concluded that the obstacle size affects
the HTR. The incline of the obstacle improved the HT performance by enhancing the vortices generated around the
obstacle and assisting in the free flow of the fluid. The presence of undulations within a certain number (3) also
enhanced HT efficiency.

Sannad et al. [68] studied NC of 3D numerically using FVM with the (Boussinesq) approximation. 3D Cubical
Cavity with Heated Partition. (Uniformly Heated Partition attached to the Left Wall). The results were summarized
as follows: with high Ra, the thermal improvement was more evident, and the use of nanofluid increased the HT
efficiency with increasing the (). The Heated Partition Induced Vortical Flow Structures and improved distribution
of heat). The larger partition length resulted in improved NC due to the increased area of effective thermal.

Table 3 shows a summary of previous studies related to the topic of the current research with regard to square
and rectangular obstacles, in terms of reference, researchers, mathematical model, working fluid, study parameters,
geometry, and physical model.

Table 3. Summary of the literature review relating to the current work: square and rectangular obstacles

Math. Working Physical
Ref. Researchers Model Fluid Study Parameters Geometry Model
Ra = 5x10°-5x 10%; Square cavity with
Cu-Al,O3— Ma = —10,000 to st
[60]  Alsayegh FVM MWCNT/oil 10,000: ¢ = 0-0.06: a hot baffle and free e
hjw = 0.7-9 surface.
Ra = 10°-10°; Hexagonal cavit
(o Thilagavathi oo Fe;0u-Cu- Ha = 0-90; Witﬁ P y
and Prasad TiO5 in H,O Q = —5-15; square obstacle
Pr = 29.86 ’
Borahel et Ri=0.1,1.0, 10; Lid-driven cavity
[62] al FVM Air ©=1/4,1/8,1/16, with a square
’ 1/32; AR =0.10-3.0  isothermal block.
Bingham Ra = 10°-107; Open square cavity
[63] Santosetal. FVM viscoplastic Bn =103-10; rizlstt};i‘:)itlélclllﬁ()erzﬂle:lg
fluid Pr =500;x =10

square blocks.

95




Math. Working Physical
Ref. Researchers Model Fluid Study Parameters Geometry Model
Power-law Re = 100-400; .
Hon- Pr — 1-10: Hexagonal cavity P——
[64] Khan etal. FEM ) T3 s with a central 0\
Newtonian Gr = 10°-10°; \ =
Auid n—0.5-15 square obstacle. ) ;
TiOs— Re = 100; o .
: ’ Lid-driven cavity
Cu/H,0O Ri = 0.01-1; . !
[65] Ayaz FVM hybrid Gr = 10%-10%; with a heated o= :
nanofluid © = 0-8% bottom obstacle. E =R
TiO,— Re = 100; o . "
[66] Bouaraour FUM Cu/H50 Ri = 0.01-1; Lli;?l:l;ehnezlvéty AR —
and Lebbi hybrid Gr = 102-10%; bottom obstac] sl
nanofluid v = 0-8% ottom obstacte. N ]
gie f 01 (())E??(()) Lid-driven square
Hai— '0_1 00_’ cavity with heated
[67] Alietal. FEM H50 Pr __0 01 5_1’0' wavy bottom wall g
]; 14 and tilted square
D 8 05-0.2 obstacle.
A square cavity
3 < < 106-
[68] Sanzla det FVM Cu-H>O 10 0 z {ja <_0 110 ’ with rectangular

obstacle.

Note: FVM = Finite Volume Method; FEM = Finite Element Method.

2.4 Rhombic Obstacles

Nayak et al. [69] studied NC, and used the FEM for a nanofluid in a hexagonal cavity with a diamond-shaped
cold obstacles inside cavity. This study relied on Ra, and Ha. The results showed that increasing the Ra from 10°
to 10° improved the Nu by an increase of 76.16. The location of the rhomboidal obstacle affects the Nu When the
obstacle is top of the cavity, the Nu increases by 6.3%. In the case 2, the obstacle is bottom of the cavity, the Nu
decreases by 7.5%. (Positioning obstacles at the top enhanced NC due to higher density differences and stronger
buoyancy flow). (Placing obstacles at the bottom weakened NC due to reduced buoyancy forces).

Rehman et al. [70] studied the NC of a Casson fluid in a square cavity with a porous medium. The cavity
contains uniformly heated diamond-shaped obstacle. The results showed that increasing the Ra enhances the flow
and increases HT. Increasing the Da also increases the permeability, thus reducing the flow resistance and accelerates
the fluid velocity. The obstacle causes the formation of strong thermal vortices and a distinct pressure distribution
inside the cavity, thus increasing Nu. Table 4 shows a summary of previous studies related to the topic of the current
research with regard to specific obstacles, in terms of reference, researchers, mathematical model, working fluid,
study parameters, geometry, and physical model.

Table 4. Summaryof the literatu rereview relatingtothe current work: rhombic obstacles

Math. Working Physical
Ref. Researchers Model Fluid Study Parameters Geometry Model
Ra = 10°-10%; Hexagonal enclosure
[69]  Nayak et al. FEM Al>,03-H20 Ha = 0-40; with cold diamond
A=0.3-0.7, 0 =2% obstacles.
Rehman et . Da =10"%-10"3; Square porous cavity
(70] al. FEM Casson fluid Pr=20;8, =0.1 with diamond obstacle.

Note: FEM = Finite Element Method.
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3 The Governing Equations

Numerical solutions are an essential tool for studying (3D-NC) within cavities of various geometric shapes. A
set of governing equations is used according to the nature of the study, whether in steady-state or unsteady-state
conditions. These equations (1-5), which are used to describe fluid motion and HT within it. In this research, the
unsteady form of these equations will be shown for both conventional and nanofluid respectively [71].

3.1 The Classical Fluids Governing Equations
The continuity equation [72]:

=0 ey

The momentum equation [72]
x-direction:

u 0w Ou o 10P (0 0u o
ot 0 oy dz  pox ox?2  0y? 022
y-direction [72]:
@ u@_i_y@_i'_ 61} __laip_f_v 62U & & (3)
ot 0 oy 0z p Oy ox?2  Oy?2 022
z-direction [72]:
ow ow ow ow 10P w 0w Ow
ot v b = —— AT T-T 4
ot +u3x+vay+w82 paz+v<6‘m2+8y2+822>+pgﬁ( °) @
The energy equation [72]:
ot " "or oy TV 0: T\ oa2 T 02 T 022

3.2 The Nanofluids Governing Equations

In the case of nanofluids, the governing equations are modified to account for the presence of solid nanoparticles,
which alter the fluid’s effective thermophysical properties for instance thermal conductivity, viscosity, and
density [73]:

ou Ov Ow

PRl ©)

The momentum equation [73]
x-direction:

ou ou ou ou OP 9%u  0*u O
Pnf | = @)

o TVor Ty TVa: ) T o T <axz+ay2+azz

y-direction:

@‘F @+ @‘F @ __8£+ @—F&—F@ _ (8)
Prt\ ot " Yor Ty T Va2 ) T oy TH \ a2 T oy T 922 ) P

z-direction:
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The energy equation:

or or orT or (82T 0T 82T)
- nf bl

ot T TPy TV T\ a2 T a2 T o

where, pp.f, fing, Ciny are given by [74]:
pny = (1= @)ps + eps

Iz S -
MR

k
Qnf = 7nf

(PCp)nf

(PCp) iy = (1= ¢) (pCp) s + ¢ (pCy),

Maxwell gave the equation below [75]:

ks
@i:1+ 3(5 1)@

o () -)e

Hamilton and Crosser [76] developed the Eq. (15) and it became

kng _ ks + (0= Dky = (n = Dy (ks — k)

ks B ks“l‘(n—l)kf—l-(p(kf—ks)

©))

(10)

Y

(12)

(13)

(14)

15)

(16)

The parameter n represents the shape factor, typically taken as 6 for cylindrical particles and 3 for spherical ones.
For spherical nanoparticles, an approximation can be made using the Maxwell-Garnett model [75], expressed as:

knj s+ 2kp — 20 (ky — k)

ks k3+2kf+<,0(k'f—]€5)

a7

Several advanced models have been developed to account for nanoparticle interactions by incorporating higher-

order terms, such as those proposed by Jeffrey [77].

iy , 382 9B% a+2 ,
o143 3 oF 4 I
Ky +5‘p+(5+4+162a+3 4

where,

And the model of Arul Raja [78] as:
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where, f(8) = 0.5 and f(10) = 2.5.
The equations below are the governing non-dimensional equations.
z uH vH wH

x Y
H H HU a_fV a_fW a_f

2 _ 3 _
p— pH2 _ T TTEfT'r‘ef:TC+THRa,: gﬂfH (TH TC)PT:ﬂff
pfaf TH—TC 2 ﬁfaf af
The continuity equation:
ou oV oW
= 22 21
ox Tov "oz " @)
The momentum equations
x-direction:
ou ou ou ou 0?U  0*U  0°U
= il - ___ 4P 22
Uox "oy "oz = ax T r<6X2+6'Y2+622> 22)
y-direction:
ov ov ov oP 5o VARG S VAR £ V4
The energy equation:
a0 n 00 n 00 0% n 0% n 0% (24)
U— +V— +tWw— =
ox Oy 0z 0X2  9Y? 0972

The governing equations above are presented in a general form. In specific numerical studies, boundary conditions
(such as isothermal or adiabatic walls) are defined based on the problem setup and objectives.

4 Conclusions

» Using a triangular obstacle increased the Nusselt number by 76.16% at Ra = 106, highlighting the significant
impact of obstacle shape on heat transfer efficiency.

* Non-aligned cylindrical obstacles showed better thermal performance than aligned arrangements.

¢ Cylindrical obstacles outperformed square ones by 15%-20% in enhancing thermal performance under the
same flow conditions.

» Complex obstacle shapes, such as “T” and “U”, can be utilized in the design of heat sinks for electronic devices.

* These shapes help improve temperature distribution and enhance heat exchange zones within thermal systems.

* Most of the studies conducted are numerical studies and there is a clear lack of experimental studies.

* There is a focus on two-dimensional numerical studies and a lack of three-dimensional numerical studies.

 The shapes of Obstacles were limited to classical shapes (square, triangular, circle, etc.) without touching upon
complex shapes such as literal shapes (U, L, T, Y, M, ..., etc.).

 The boundary conditions of the obstacles vary. Obstacles may be hot, cold, or adiabatic. This directly affects
the HT performance, and Nu values.

* Hybrid nanofluids gave better results than other conventional fluids and mono nanofluids.

« Internal obstacles (cold or hot) play a vital role in increasing HTR by enhancing the temperature gradient and
enhancing vortices.

* Obstacles are considered one of the most important means of controlling HTR, as their location within cavities
plays a prominent role in changing the velocity and temperature distribution within the cavity, which enhancing or
obstructs convection depending on the obstacle position.
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» The Nu is clearly affected by the shape of the obstacle (square, rectangle, circle, etc.). Different shapes lead to
different flow and vortex patterns, and thus change the thermal performance.

* In natural convection, an obstacle can either impedes or improve the buoyancy force. In mixed convection, or
magnetic field-induced (MHD), the obstacle effect becomes more complex.

* Most obstructions enhance thermal performance but may increase entropy generation (this is important for
analyzing overall thermal efficiency).

* Although the majority of studies reviewed are numerical, there is a critical need for experimental validation to
support and verify these findings.

* Future research should focus on experimental implementations, grid independence tests, and benchmarking
against existing experimental data to enhance reliability and practical applicability.
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Nomenclature

Be

Bejan number

Cp Specific heat at constant pressure (J/Kg.K)
c Location of the partition (m)
g Acceleration duo to gravity (m/s?)
Ha Hartmann number (-)
h Height of partition (m)
K Thermal conductivity (W/m.K)
Ma Marangoni number (-)
Nu Nusselt number (-)
P Pressure (N/m?)
Pr Prandtl number (-)
Ra Rayleigh number (-)
T Temperature (k)
t Time (s)
U The velocity component in x-direction (m/s)
v The velocity component in y-direction (m/s)
w The velocity component in z-direction (m/s)
x The coordinate in horizontal direction (m)
Y The coordinate in vertical direction (m)
z The coordinate in axial direction (m)
Greek symbols
« Thermal diffusivity (m?/s)
8 Coefficient of thermal expansion (K~1)
¥ Inclination angle of the magnetic field (°)
0 Lorentz force (-)
L Dynamic viscosity (Kg/m.s)
p Density (Kg/m?)
© Nanoparticles solid volume fraction (-)
S} Inclination angle of the cavity (°)
10) Inclination angle of the partition (°)
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Abbreviations

AR Aspect Ratio

FDM Finite Difference Method
FEM Finite Element Method
FVM Finite Volume Method
GFEM Generalized Finite Element Method
LBM Lattice Boltzmann Method
2D Two-Dimensional

3D Three-Dimensional

HT Heat Transfer

HTR Heat Transfer Rate

NC Natural Convection

Subscripts
b Block
c Cold
D Position of the hot source
E External
eff Effective
f Fluid
I Internal
L Length
nf Nano fluid
S Solid particle
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