
Renewable and Sustainable Energy Reviews 183 (2023) 113424

Available online 14 June 2023
1364-0321/© 2023 Elsevier Ltd. All rights reserved.

Convection heat transfer in enclosures with inner bodies: A review on single 
and two-phase nanofluid models 

Ammar I. Alsabery a, Ali S. Abosinnee b, Saleem K. Al-Hadraawy c, Muneer A. Ismael d,e, 
Mehdi A. Fteiti f, Ishak Hashim g,*, Mikhail Sheremet h, Mohammad Ghalambaz h, 
Ali J. Chamkha i 

a Refrigeration & Air-conditioning Technical Engineering Department, College of Technical Engineering, The Islamic University, Najaf, Iraq 
b Altoosi University College, Najaf, Iraq 
c Department of Biology, College of Sciences, University of Kufa, Najaf, Iraq 
d Mechanical Engineering Department, Engineering College, University of Basrah, Basra, Iraq 
e College of Engineering, University of Warith Al-Anbiyaa, Karbala, Iraq 
f College of Preparatory Year, Umm Al Qura University, Makkah Al Mukarramah, 21955, Saudi Arabia 
g Department of Mathematical Sciences, Faculty of Science & Technology, Universiti Kebangsaan Malaysia, 43600, UKM Bangi, Selangor, Malaysia 
h Department of Theoretical Mechanics, Tomsk State University, 36 Lenin Ave., Tomsk, 634050, Russia 
i Faculty of Engineering, Kuwait College of Science and Technology, Doha District, 35004, Kuwait   

A R T I C L E  I N F O   

Keywords: 
Nanofluids 
Single-phase 
Two-phase buongiorno model 
Inner body 
Rotating cylinder 
Convection 

A B S T R A C T   

This review peruses a comprehensive implementation of inner bodies involved in cavities filled with regular and 
nanofluids for both natural and mixed convection modes. The topic of nanofluid acquired its importance in the 
heat transfer field about two decades ago. Many experimental studies have been conducted to establish accurate 
correlations between the nanoparticle’s specifications (volume fraction, size, shape, and type) and the thermo
physical properties (such as dynamic viscosity and thermal conductivity). However, most of the theoretical in
vestigations focused on the use of nanoparticles in various geometrical conduits and enclosures. The review 
covers the implementation of nanofluid in cavities involving inner bodies using single and two-phase models. It is 
found that about 34% of the total reviewed studies have considered the nanofluid inside the cavities involving 
inner cylinders. The authors of this review have concluded that the extra numerical cost of the two-phase models 
has curbed the researcher’s use of the single-phase model. It is found that the studies that adopt the two-phase 
model are only 19% of the total nanofluid studies. The two-phase model gave an essential detail about the 
collection of the nanoparticles on the surfaces of the inner bodies (primarily stationary bodies) and the segments 
of the undulations of wavy walls of the cavities. This phenomenon lowers the exchange of heat transfer.   

1. Introduction 

1.1. Cavities with inner bodies 

Inner bodies are involved inside cavities for two purposes: to 
enhance and excite the heat transfer and simulate some engineering 
processes, such as heat exchangers. The presence of inner bodies can be 
found in natural and mixed convection modes. Nanofluids can also be 
used in such cavities to enhance heat exchange. The topic of nanofluid 
acquired its importance in the heat transfer field about two decades ago. 
Experimental studies have been conducted to establish real correlations 

between the nanoparticle’s specifications (volume fraction, size, shape, 
and type) and the thermophysical properties (especially the dynamic 
viscosity and the thermal conductivity), while most of the theoretical 
studies have discovered the wide use of nanofluids in various applica
tions in natural and mixed convection modes, especially in industrial 
engineering [1–3]. To predict the properties of nanofluids, it is necessary 
to use an accurate correlation, which is the main challenge in theoretical 
studies. Early studies showed that thermal conductivity is the key 
parameter that enhances the heat transfer process. Thus, the 
single-phase model was widely used and endorsed [4]. The two-phase 
model, which Buongiorno published in 2006, added a comprehensive 
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sight to the motion of nanoparticles regarding the base fluid. Two of 
seven mechanisms were distinguished to be more effective in diffusing 
the nanoparticles: diffusion due to temperature gradient (thermopho
resis) and diffusion due to the random motion of nanoparticles (Brow
nian motion). Together with the thermal conductivity, these two 
mechanisms have interpreted many unusual deteriorations of heat 
transfer using nanofluids [5]. This paper reviews the works regarding 
the cavities involving inner bodies filled with regular fluid or nanofluids 
and solved using single and two-phase models in both free and mixed 
convective heat transfer. Accordingly, in each category, the papers are 
reviewed chronologically. Several recent studies have reviewed nano
fluids’ type, thermophysical properties, and heat transfer applications 
[6]. Some of physical aspects of heat transfer in enclosures such as the 
flow regime and numerical method has also been discussed in Saha et al. 
[7]. However, the single-two phase approaches along with the shape of 
enclosures has not been reviewed for convection heat transfer of 

nanofluid. The present study addresses the convection heat transfer in 
enclosures considering the utilized modeling approaches (single- and 
two-phase models) in detail (see Tables 3 and 4). 

1.2. Bibliography of nanoscience & nanotechnology 

Fig. 1 depicts the number of published documents during the past 
five years in the field of nanoscience & nanotechnology in the top seven 
countries worldwide. China published the most documents with 
108,397, followed by the USA with 52,754 documents. Fig. 2 illustrates 
the Q1 publications in the field. This figure reveals that the USA pub
lished most of the Q1 papers (56%), followed closely by China with 52%. 
Although China published twice of documents as compared to the USA, 
the number of Q1 papers is almost similar. Considering the topic of 
nanofluids, there are 19,456 documents, which is 7.3% of the total 
documents in the field of nanoscience & nanotechnology. The top ten 

Fig. 1. The Web of Science documents (among 266,983 documents) in time period: 2017–2021 in research area of nanoscience & nanotechnology from InCites 
dataset updated 3 April 2022. 

Fig. 2. The percentage of publications in Q1 journals based on Web of Science documents in the time period: 2017–2021 in the research area of nanoscience & 
nanotechnology from InCites dataset updated 3 April 2022. 
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countries with the most documents on the topic of nanofluids are shown 
in Fig. 3. India, Pakistan, and China are the top three countries on the 
list. Among these 19,456 documents, about 180 documents are con
cerned with this review’s topic, which will be analyzed in the following 
sections. 

2. Regular fluids 

In this section, the natural and mixed convection studies that used 
regular or regular fluid are reviewed. 

2.1. Natural convection with internal bodies-regular fluids (NCIB-RF) 

2.1.1. Preliminary illustration 
Natural convection or “free convection” is a flow that represents the 

motion of different fluids, including water, air, molten metal, and others. 
The fluid flow in natural convection problems is induced by natural 
means such as buoyancy; buoyancy forces may arise in a fluid with a 
gradient of density in which body forces are proportional to the density. 
Since the natural convection induced velocities are relatively low, the 
heat transfer coefficient encountered in these cases is usually low. 
Natural convection is an interesting scientific topic for which many as
pects need further research. It is attracted a vast deal of attention from 
researchers and scientists due to its wide applications either in nature, 
such as natural phenomena like atmospheric and oceanic currents, bio- 
heat transfer, greenhouse effects, and heat transfer in stellar atmo
spheres; or in engineering, such as in the design of equipment for elec
tronic cooling [8], insulation of aircraft cabins [9], nuclear reactors 
[10], and heating and ventilation control of buildings [11] and so on. In 
this review section, we will introduce various studies where the natural 
convection generated inside enclosures with internal bodies directly or 
indirectly affecting heat transfer through the enclosure’s fluid. Because 
of its unique and important applications, such as microwave heating, 
electrochemical batteries, solar to thermal energy conversion, 
geophysics, and nuclear reactors, natural convection heat transfer 
induced by internal heating or absorption has received and continues to 
receive much attention. 

2.1.2. NCIB-RF: (1992–2000) 
In 1992 a numerical study on natural convective heat transfer from a 

uniformly heated horizontal cylinder placed in a large air-filled rect
angular enclosure. The dynamics of the flow and the thermal behavior 
are studied at various heat fluxes applied to the cylinder [12]. The 
average Nusselt number correlations on the Rayleigh number were ob
tained using numerical data. Natural convection in the annulus can be 
considered as a convective heat transfer in a cylinder with an inner 
cylindrical body. Table 1 lists some crucial studies on natural convection 
heat transfer in enclosures filled with clear fluid and containing an 
obstacle. Some of these studies have been discussed in more detail in this 
section. Thus, Burns and Stewart [9] studied natural convection in cy
lindrical annulus filled with a porous material with inner heat genera
tion elements under the influence of isothermal cylinders and permeable 
outer cylinders. Authors revealed that a permeable outer border 
augmented the heat transfer at the surface of the impermeable inner 
body. Stewart and Burns [10] investigated the same problem in another 
work, but the outer border was impermeable, and the inner boundary 
was permeable. Such modification also characterizes heat transfer 
enhancement (see Table 2). 

Moreover, a rise in the thermal generation reflects essential fluid 
penetration in a porous region with a reduction of the boundary layer 
thickness along the outer border. Sawada et al. [13] examined MHD 
natural convective heat transfer of magnetic liquid experimentally in a 
concentric annulus under the influence of a hot inner cylinder, cold 
outer cylinder, and an applied magnetic field. The authors showed that 
the magnetic field could manage the free convection of magnetic liquid. 

Wang et al. [11] performed some numerical computations in square 
enclosures suited with a vertical plate to evaluate the amount of the 
average Nusselt number. The obtained results show that the enhance
ment of the Nusselt number can be achieved by narrowing the distance 
between the building walls (enclosure walls) and the fitted inner plate. 

Ho et al. [14] numerically investigated the natural convection of air 
in circular cavities with internal differentially heated cylinders under an 
impact of external convection conditions. It was ascertained that the 
addition of convective boundary conditions at the outer border with 
inner isothermal cylinders characterizes essential intensification of 
convective flow within the chamber. The natural convection of Newto
nian fluid in a differentially heated square chamber under the effect of 
an inner cool spinning cylinder was numerically studied by Fu et al. 
[15]. Using primitive variables and finite element techniques, the au
thors found that taking into account the different temperatures at ver
tical walls of the chamber, the direction of inner cylinder rotation has an 
essential influence on natural convection augmentation within the 
chamber. Lei and Kleinstreuer [16] simulated the natural convection of 
water within a balloon in the presence of an inner cylindrical heated 
element. Using the finite volume method, the authors revealed that the 
thermal boundary conditions at an inner element and the chamber 
orientation can be considered beneficial parameters for designing the 
local hyperthermia device treatment of undesirable tissue. 

Natural convection heat transfer between a heated horizontal cyl
inder positioned concentrically within a square enclosure, and numeri
cal solutions are provided in Moukalled and Acharya [17]. In either a 
rectangular or an air-filled circular enclosure, calculations of the 
coupled convection and conduction heat transfer rate for a solid cylinder 
are performed by Liu et al. [18], where In the aforementioned domain, 
the temperature distribution and fluid flow analysis are obtained. The 
results showed that the usual procedure of setting a uniform heat flux 
boundary condition at the interface might induce some errors and 
inaccuracies in the solution. A numerical analysis was carried out for 
free convective heat transfer for the working fluid of air and from two 
vertically separated horizontal cylinders which were confined to a 
rectangular cavity. The heat sink temperature was also set for the ver
tical finite conductance walls and horizontal. The result shows that 
along with the interface of vertical wall-fluid, the Nusselt number is a 
complex function of thermal conductivity ratio and the Raleigh number 
[19]. 

Chiu and Chen [20] numerically investigated the problem of free 

Fig. 3. The top ten world countries with most documents on the topic of 
nanofluids: Web of Science documents (19,456 documents) in time period: 
2017–2021 dataset updated 3 April 2022. 
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Table 1 
Natural convection inside enclosures with inner bodies and regular fluids (NCIB-RF).  

Authors Geometry Solution method and used models Results and remarks 

Burns and Stewart 
[9] with 
permission from 
Elsevier 

2D numerical analysis 
Darcy–Oberbeck–Boussinesq model; permeable 
outer cylinder; non-primitive variables and finite 
difference method 

A presence of a permeable wall characterizes the 
energy transport augmentation at the 
impermeable internal cylinder. 

Stewart and Burns 
[10] with 
permission from 
Elsevier 

2D numerical analysis 
Darcy–Oberbeck–Boussinesq model; permeable 
inner cylinder; non-primitive variables and finite 
difference method 

A multicellular hydrodynamic structure appears 
in the case of equal cylinder temperatures. 

Sawada et al. [13] 
with permission 
from Elsevier 

Experimental analysis Natural convection of the magnetic liquid can be 
managed by the orientation and strength of the 
magnetic field. 

Ho et al. [14] with 
permission from 
Elsevier 

2D numerical analysis; 
Oberbeck–Boussinesq model; non-primitive 
variables and finite difference method 

An addition of convective boundary conditions at 
the external surface allows for strengthening the 
convective flow and heat transfer. 

Fu et al. [15] with 
permission from 
Elsevier 

2D numerical analysis; 
Oberbeck–Boussinesq model; primitive variables 
and finite element method 

The rotation of the cylinder makes an essential 
contribution to heat transfer enhancement, taking 
into account the temperature of vertical walls. 

Lei and Kleinstreuer 
[16] with 
permission from 
Elsevier 

3D numerical analysis; 
Oberbeck–Boussinesq model; primitive variables 
and finite volume method 

The horizontal location of the balloon reflects 
natural convection domination in the upper half, 
and heat conduction in the lower half and more 
than half of the balloon surface can be effectively 
applied for undesirable tissue ablation. The 
vertical location illustrates a formation of 
axisymmetric natural convection with an 
effective balloon surface area of less than 30%. 

Chiu and Chen [20] 
with permission 
from Elsevier 

2D numerical analysis; spherical polar coordinate 
system; Oberbeck–Boussinesq model; non-primitive 
variables and finite difference method 

Fluid flow and thermal performance depend on 
the temperature difference and the eccentricity. 

(continued on next page) 
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Table 1 (continued ) 

Authors Geometry Solution method and used models Results and remarks 

Sun and Emery [22] 
with permission 
from Elsevier 

2D numerical analysis; Oberbeck–Boussinesq model; 
primitive variables and finite volume method 

In the case of a cavity with an inner body of finite 
conductivity, energy transport depends on the 
coupling influence of body conduction, liquid 
convection, and the body’s position within the 
chamber. 

Sasaguchi et al. [24] 
with permission 
from Elsevier 

2D numerical analysis; density-temperature 
relationship of water; generalized coordinate 
system; 
primitive variables and Marker-And-Cell method 

The inner cylinder’s location and initial 
temperature allow changing the flow structure 
and temperature patterns. 

Ekundayo et al. [25] 
with permission 
from Elsevier 

Experimental analysis The presence of the horizontal walls caused a 
reduction in convection for any location of the 
heated cylinder. In contrast, vertical walls may 
enhance convection provided that the heater is 
located approximately halfway up the cavity. 

Ha et al. [26] with 
permission from 
Elsevier 

Numerical study finite volume method Based on the Rayleigh number and the aspect 
ratio, substantial variations in heat and flow fields 
were observed. 

Butler et al. [48] with 
permission from 
Elsevier 

Experimental study As the cylinder Rayleigh number increases, they 
deviate from correlations as the heat transfer rate 
increases due to the interaction of the cylinder 
and cavity. 

Choi et al. [62] with 
permission from 
Elsevier 

Numerical study the immersed boundary method The Rayleigh number and the placement of the 
cylinder have an important role in determining 
the heat transfer characteristics between the 
enclosure and the cylinder. 
Buoyancy-induced convection is enhanced by the 
enclosure’s top wall and inner cylinder having 
gaps. 

Choi et al. [69] with 
permission from 
Elsevier 

Numerical study the immersed boundary method The effect of thermal convection on the thermal 
and flow fields is more concentrated on the lower 
part of the rectangular channel as the radius of the 
circular cylinder increases. 

(continued on next page) 
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Table 1 (continued ) 

Authors Geometry Solution method and used models Results and remarks 

Mun et al. [70] with 
permission from 
Elsevier 

Numerical study immersed boundary method The unsteady features of the thermal fields and 
flow occur at low Prandtl numbers and high 
Rayleigh numbers. 

Doo et al. [71] with 
permission from 
Elsevier 

Numerical study, the immersed boundary method The instability of the flow is highly increased at 
high Rayleigh numbers and low Prandtl numbers 
Regardless of the location of the cylinder, the 
system’s level of irreversibility stays constant. at 
the same Prandtl number and Rayleigh number, 
when the Rayleigh number is low. 

Kefayati and Tang 
[88] with 
permission from 
Elsevier 

Numerical study the Bingham model 
Lattice Boltzmann method (LBM) 

The increasing Bingham number results in less 
heat transport, as seen by the average Nusselt 
numbers. the study showed the effect of the 
Rayleigh number, Bingham number, Eckert 
number, the size and position of the four cold 
cylinders using LBM 

Seo et al. [95] with 
permission from 
Elsevier 

Numerical study the immersed boundary method The variation in radius for the elliptical or circular 
cylinders highly affects the heat transfer 
performance. 

Lee et al. [96] with 
permission from 
Elsevier 

Numerical study, 
Finite Element Method 

The kinematic viscosity and thermal diffusivity of 
air both increase by increasing temperature, 
leading to a reduction of the Rayleigh number 
with the temperature increase. 

Alomar et al. [99] 
with permission 
from Elsevier 

Numerical study non-Darcian flow and LTNE model 
Finite volume method. 

Nusselt number is highly connected to the 
modified Rayleigh number 
The effect of Effective thermal conductivity on the 
temperature and velocity fields is more than the 
effect of the scaled heat transfer coefficient of the 
fluid 

(continued on next page) 
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convection in a space between two isothermal spheres using 
non-primitive variables and finite difference techniques. The authors 
showed that convective flow and energy transport depend on the tem
perature difference and eccentricity. Moreover, a positive eccentric 
shape can augment the energy transport strength. A numerical study was 
carried out within a vertical square enclosure by Oh et al. [21] to 
analyze natural convection’s steady-state heat transfer and flow prop
erties when a temperature difference occurs around an enclosure. 
Furthermore, the conductive body produces heat inside the enclosure at 
the same time. By increasing the temperature-difference ratio, the flow 
is mainly governed by the temperature gradient around the cavity, 
which tends to be mostly affected by the temperature gradient induced 
by the heat source difference. Convective-conductive heat transfer in a 
square differentially heated cavity with massive walls and internal solid 
baffles and heaters was numerically investigated by Sun and Emery 
[22]. Using the finite volume method, they ascertained that in a cavity 
with a conductive inner body, the energy transport strongly depends on 
both the combined influence of heat conduction within the body and 
natural convection within the chamber and the location of the conduc
tive unit within the cavity. 

In another notable research, numerical investigations on the free 
convective heat transfer of micropolar fluids in a horizontal eccentric 
annulus near maximum density are performed. The results show that the 
eccentricities and the inversion parameter have a powerful influence on 
the rate of annulus heat transfer and the flowing fluid structures [23]. 
Sasaguchi et al. [24] numerically studied the natural convective cooling 
of water in a thermally-insulated rectangular cavity with an internal 
cold circular cylinder. Results demonstrated that changes in the inner 
cylinder location and initial water temperature affect the flow structures 
and thermal performance. Ekundayo et al. [25] experimentally studied 
the natural convection of air in a metal box with an inner cylindrical 
electric heater. The performed analysis showed that a localized chimney 
effect could be found within the chamber when a local heater placed 
close to the vertical wall leads to strengthening energy transport. In a 
square enclosure, the natural convection heat transfer properties of 
three distinct fluids (water, air, and sodium) were examined [26]. Cesini 
et al. [27] studied free convection heat transport in a rectangular cavity 
with a horizontal cylinder using computational and experimental 
methods. A three-dimensional systematic numerical analysis on the 
conjugate heat transfer of conduction and natural convection of vertical 
cubic enclosure in which a centered, cubic, heat-conducting body 
steadily generates heat [28]. 

2.1.3. NCIB-RF: (2001–2010) 
In the study of Ha and Jung [29], natural convective heat transfer is 

numerically handled using the Differential Quadrature (DQ) method. 
The computational domain in the mentioned work is a horizontal 
eccentric annulus where the outer and heated inner cylinders have 
square and circular cross-sections, respectively. The results clearly show 
that the numerical technique under consideration is an effective way of 
determining the domain’s weak global circulation. As another efficient 
and accurate method, a two-dimensional Chebyshev spectral collocation 
method is implemented to solve unsteady natural convection in a square 
enclosure [30]. 

In the work of Shu and Zhu [31], natural convection in a concentric 
annulus is simulated using the DQ technique, in which one of the cyl
inders is cold whereas the other is hot. The Results referred that flow and 
thermal field patterns are influenced by the Rayleigh number and the 
aspect ratio. The thermal and hydrodynamic characteristics of flow were 
addressed by Tasnim et al. [32] in a cavity with equal horizontal and 
vertical walls embedded with an isothermal circular cylinder. The ob
tained results showed satisfactory agreement with those obtained by 
Cesini et al. [27]. The finite volume technique based on a collocated, 
non-orthogonal grid was chosen to find out more about the 2D free 
convection flow and heat transfer in an enclosed hot cylinder by Roy
chowdhury et al. [33] to investigate the 2D free convective flow and 
heat transfer in a heated cylinder held in a square cavity. This study 
provides useful observations regarding the variation of local Nusselt 
numbers along each wall. Also, there were two methods utilized in the 
study of Peng [34]: Taylor series expansion and the least-squares based 
Boltzmann lattice, to numerically analyze the free convective heat 
transfer between an outer cylindrical square and an inner cylinder that is 
heated. 

Lee and Ha [35] focused on a horizontal fluid layer exposed to nat
ural convection. A body that acts as a conduit was placed at the center of 
the layer and was affected by heated below and cold above with walls. 
Their results suggest that, when concerning the flow and heat transfer 
distributions, the interaction of the surrounding enclosure with the 
central heat source behaves quite differently. A numerical study of the 
free convective flow between an exterior square tube and an inside 
heated circular tuber is investigated by Ding et al. [36] using the local 
multi-quadrics-based differential quadrature method. In their physical 
model, the problem of heat transfer and fluid flow was investigated by 
Lee and Ha [37] in a domain where a centered heat-generating con
ducting body was surrounded by a horizontal layer of fluid-cooled from 

Table 1 (continued ) 

Authors Geometry Solution method and used models Results and remarks 

Alomar et al. [104] 
with permission 
from Elsevier 

numerical analysis 
non-Darcy law combined with LTNE model 
Darcy-Brinkman-Forchheimer model 

Nusselt number is highly connected to the 
modified Rayleigh number 
The intensity of the non-equilibrium zone inside 
the cavity is increased with an increase in 
modified Rayleigh number 
The temperature fields are significantly affected 
by the effective thermal conductivity ratio than 
the scaled heat transfer coefficient of the fluid 

Zemach et al. [105] 
with permission 
from Elsevier 

numerical analysis 
The immersed boundary 

The results indicated that the basic instability 
features of considerably separated thermally 
driven flows into the confined containers.  
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Table 2 
Mixed convection inside enclosures with internal bodies and regular fluids.  

Authors Geometry Solution method and used models Results and remarks 

Shuja et al. [113] with 
permission from 
Elsevier 

2D numerical analysis, control volume 
approach, Oberbeck–Boussinesq model 

Circulation is created inside a solid body’s 
outer surface and front cavity surface by 
mixing buoyancy-driven and convective flow 

Rahman et al. [114] 
with permission 
from Elsevier 

2D numerical analysis, Boussinesq 
model, Galerkin method of weighted 
residuals, and finite element method 

Increasing the Richardson numbers commonly 
leads to augmentation of the average Nusselt 
number. 

Oztop et al. [115] with 
permission from 
Elsevier 

2D numerical analysis, Boussinesq 
model, inner cylinder, finite control 
volume 

Flow domain and temperature pattern are 
changed from the direction of the moving 
surface. 

Hussain and Abd-Amer 
[116] with 
permission from 
Elsevier 

2D wavy numerical analysis, Boussinesq 
model, inner cylinder, finite volume 
method 

The diameter of the embedded solid cylinder 
and the Richardson and Reynolds numbers 
have great influences on the average Nusselt 
numbers of the heated. 

Hussain and Hussein 
[117] with 
permission from 
Elsevier 

2D numerical analysis; 
Oberbeck–Boussinesq model; non- 
primitive variables and finite difference 
method 

Increasing the Richardson and Reynolds 
number leads to the increase of the average 
Nusselt number rate. 

(continued on next page) 
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Table 2 (continued ) 

Authors Geometry Solution method and used models Results and remarks 

Islam et al. [118] with 
permission from 
Elsevier 

2D numerical analysis, Boussinesq 
model, inner heated square block, finite 
volume method 

For the mixed convection rule, it is found that 
the average Nusselt number is almost 
insensitive with the development of the 
Richardson number to any size of the inner 
block located anyplace in the square cavity. 

Khanafer and Aithal 
[119] with 
permission from 
Elsevier 

2D numerical analysis with active 
horizontal walls, finite element method 

The mixture of buoyancy-driven and 
convective flow creates circulation inside a 
solid body’s outer surface and front cavity 
surface. 

Ray and Chatterjee 
[120] with 
permission from 
Elsevier 

2D numerical analysis, magnetic field, 
Joule heating, Boussinesq model, 
commercial CFD package FLUENT 

The heat transfer rate reduces drastically as the 
magnetic field is applied. 

Morshed et al. [121] 
with permission 
from Elsevier 

2D numerical analysis, Boussinesq 
model, inner two heated square blocks, 
finite volume method 

The average heat transfer at the inner block 
surfaces improved with the rising of Reynolds 
number on any Richardson number 

(continued on next page) 
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Table 2 (continued ) 

Authors Geometry Solution method and used models Results and remarks 

Gangawane and 
Manikandan [122] 
with permission 
from Elsevier 

2D numerical analysis, Boussinesq 
model, finite volume method 

A rise in Prandtl number creates a packing of 
isotherms towards the heated triangular block 
due to an addition in temperature gradient on 
the surface of the block. 

Alsabery et al. [123] 
with permission 
from Elsevier 

Fluid-structure interaction, 2D 
numerical analysis, heated rotating 
cylinder; Boussinesq model, finite 
element method 

The highest average heat transfer and global 
entropy generation rates are observed for the 
case of counter-clockwise rotation of the 
circular cylinder and lower rates of the flexible 
surface deformation. 

Alsabery et al. [124] 
with permission 
from Elsevier 

3D numerical analysis, rotating solid 
cylinder; Boussinesq model, finite- 
element method 

The fluid flow is dominated by managing the 
circular cylinder rotating velocity of 

Cho et al. [125] with 
permission from 
Elsevier 

2D numerical analysis, inclined inner 
elliptical cylinder; Boussinesq model, 
artificial neural network 

The development of the Richardson number led 
to the enhancement of buoyancy outcomes. 

(continued on next page) 
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above and heated from below. Variations of averaged Nusselt number 
for various ranges of Rayleigh number were investigated by them. 
Kumar and Dalal [38] opted for a heated square cylinder that was tilted 
in an enclosed space. To study the free convection problem. The findings 
they achieved for the uniform wall heat flux heating are qualitatively 
different from the results they obtained for the uniform wall tempera
ture heating. 

Analysis of free convection in an air filled enclosure with a high- 
temperature gradient has been performed in Ref. [39]. Different phys
ical mechanisms drove two instability types based on the development 
of the flow in a square or tall cavity: buoyancy-driven and shear in
stabilities. Liu et al. [40] considered the natural convective heat transfer 
in a vertical enclosure subject to periodic temperature boundary con
ditions imposed at the right sidewall with a conducting body placed at 
the enclosure center. Results convey that the resonant frequency de
clines with the rising thermal conductivity ratio and body size. For a 
heat-conducting cylinder contained inside a differentially heated square 
cavity at its middle, a numerical analysis of laminar convective flows is 
conducted out by Jami et al. [41], where the average heat transfer of hot 
and cold walls, the fields of flow, and temperature are discussed. The 
work presented by Jami et al. [42] studied the natural convective heat 
transfer in a laminar regime inside a square cavity embedding a 
powerful cylinder placed in an arbitrary location. The predicted out
comes indicate that the cylinder position significantly impacts heat 
transfer. Buoyancy-induced flow regimes are investigated numerically 
by Angeli et al. [43] for the primary case of a long coaxial 
square-sectioned cavity embedded with a horizontal cylinder in its 
center. Also, a two-dimensional (2D) free convection problem in a 
square enclosure enclosing an adiabatic cylinder at the center has been 
investigated by Saha et al. [44] using the finite element method. The 

effect of the size of the heat source on the fluid flow patterns and rate of 
heat transfer is studied by Kim et al. for natural convection. The tem
perature difference is a major cause of convection, which is found be
tween an outer cold square enclosure and an inner hot circular cylinder. 
Such a problem can be solved using the immersed boundary method, 
which can present a two-dimensional solution for natural unsteady 
convection. 

Shi et al. [45] investigated the natural convection in a square 
enclosure with a rectangular heated cylinder using the lattice Boltzmann 
technique. The results were obtained for the effect of the cylinder width 
and the Rayleigh number on the features of fluid flow and the rate of 
heat transfer. Also, in a similar work, the natural convection originating 
from the temperature gradient between a hot inner circular cylinder and 
an outer cold square cylinder is numerically investigated [46]. The 
derivation of several cells known as Benard cells and the quantitative 
changes in heat transfer has also been demonstrated. Two-dimensional 
numerical analysis of steady free convection was accomplished by 
Hussain and Hussain [47] for a constant heat source applied to the inner 
circular cylinder in a square enclosure filled with air. It is observed that 
the flow field does not affect small Rayleigh numbers, while the flow 
pattern is highly affected in high Rayleigh numbers. Lee et al. [48] 
carried out numerical calculations for temperature differences between 
a cold outer square cylinder and a hot inner circular cylinder. Natural 
convection was analyzed numerically between a heated elliptical inner 
cylinder and a square outer cylinder [49]. The findings show that the 
number of Rayleigh and the inner cylinder location is highly dependent 
on isotherms, streamlines, and the cells’ size, number, and 
configuration. 

Table 2 (continued ) 

Authors Geometry Solution method and used models Results and remarks 

Hamza and Mahdi 
[126] with 
permission from 
Elsevier 

2D numerical analysis, corrugated hot 
circular cylinder; Boussinesq model, 
SIMPLEC algorithm scheme 

The flow strength was raised by reductions of 
Richardson number and the maximum value 
corresponding with the minimum aspect ratio 
of the cavity to the circular cylinder. 

Xiong et al. [127] with 
permission from 
Elsevier 

2D numerical study, Galerkin Finite 
Element Method 

The Richardson number remains an increasing 
role regarding the Nusselt number, while the 
reverse aim does recognize the increase in the 
Hartmann number.  
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Table 3 
Natural convection with inner bodies (single-phase nanofluid).  

Authors Geometry Solution method and used models Results and remarks 

Mahmoodi and Sebdani 
[131] with 
permission from 
Elsevier 

Finite volume method for natural convection fluid 
flow and heat transfer of Cu– water nanofluid on 
adiabatic square bodies embedded at the centre of 
inside a square cavity. 

The rate of heat transfer trend is decreasing 
against the size of the adiabatic square body 
and nanoparticles volume fraction and, at low 
Rayleigh numbers, while for high values of 
Rayleigh numbers, the rate of heat transfer 
increases. 

Sheikholeslami and 
Ganji [135] with 
permission from 
Elsevier 

Lattice Boltzmann method and Koo–Kleinstreuer–Li 
correlation. Magnetohydrodynamic natural 
convection flow and heat transfer of CuO–water 
nanofluid. 

The results indicate that the rate of heat 
transfer and the dimensionless entropy 
generation number enhances with 
nanoparticle volume fraction and the 
Rayleigh number. In contrast, the heat 
transfer rate declines with the addition of the 
Hartmann number. 

Zhang and Che [138] 
with permission from 
Elsevier 

An inclined square enclosure with four heat sources 
was modeled via MRT thermal lattice Boltzmann 
simulation to study heat transfer and 
magnetohydrodynamic (MHD) flow of a nanofluid 
(Cu–water).  

Sheremet et al. [4] with 
permission from 
Elsevier 

Finite volume method and Tiwari and Das nanofluid 
model. Entropy generation in natural convection. 

It is conveyed that the insertion of 
nanoparticles shows an enhancement in the 
rate of heat transfer and mitigation of 
convective flow within the square cavity. In 
addition, the heat transfer rate declines with 
the dimensionless inner solid block. At the 
same time, Dimensionless blocks increase the 
average Bejan number and overall entropy 
production. 

Al-Rashed et al. [142] 
with permission from 
Elsevier 

Control volume finite method and central-difference 
scheme. Entropy generation and natural convection 
Within an inclined cubical enclosure filled with 
nanofluid of CNT-water contained Ahmed’s solid 
body under a temperature gradient. 

At a low Rayleigh number, the existence of 
nanoparticles and their expanded surface 
area improves the rise in irreversibility. These 
outcomes grow in entropy due to friction. 
However, this tendency was switched when 
the Rayleigh number was raised. The entropy 
reduces when the inclination angle is boosted 
up to 90. 

Rahimi et al. [144] with 
permission from 
Elsevier 

Lattice Boltzmann method and experimental thermo- 
physical properties. Natural convection heat transfer 
and fluid flow in a hollow L-shaped cavity are 
considered and filled with a hybrid nanofluid with 
SiO2–TiO2/Water-EG. 

The Rayleigh number and the solid volume 
fraction of nanofluids enhance the average 
Nusselt number. In addition, the generation 
rate of entropy intensifies at higher Rayleigh 
numbers and lower solid volume fraction of 
nanofluid. 

(continued on next page) 
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2.1.4. NCIB-RF: (2011–2017) 
Yoon et al. [50] investigated the issue of free convection in a rect

angular hollow with heated inner cylinders. The cylinders were the same 
size and had higher temperatures than the enclosure walls. The effects of 
some governing parameters such as inner cylinders’ radius and the flow 
Reynolds number on the rate of heat transfer and fluid flow were 

investigated. Their results confirmed that the Nusselt number was 
dependent on the Rayleigh number and the radius of the inner cylinders. 

Park et al. [51] investigated the temperature difference induced by 
natural convection in a cold square enclosure containing hot and cold 
circular cylinders. The study provided a comprehensive results of Nus
selt number distribution, isotherms and streamline countours. An 

Table 3 (continued ) 

Authors Geometry Solution method and used models Results and remarks 

Roy [146] with 
permission from 
Elsevier 

The free convection of nanofluids in a square cavity 
with varied internal bodies and distinct kinds of 
nanoparticles is performed using the finite difference 
technique. 

The results showed that the intensity of 
streamlines enhances with the boost in the 
Rayleigh number and the nanoparticle 
volume fraction. Higher nanoparticle volume 
fractions show a linear improvement in the 
Nusselt number inside the inner and outer 
cylinders, whereas an exponential increase in 
the Rayleigh number is seen. 

Hussain and Rahomey 
[150] with 
permission from 
Elsevier 

Finite element approach and Darcy–Brinkman 
model. Natural convection and heat transfer in a 
square cavity with different inner cylinders filled 
with Ag-nanofluid and superposed porous-nanofluid 
layers. 

The strength of convection heat transfer and 
fluid flow increases as the thickness of the 
porous layer thickens, while the intensity of 
fluid flow and convection heat transfer 
decreases when the Darcy and Rayleigh 
numbers, thermal conductivity ratio, and 
nanoparticle volume percentage are added. 
Nusselt number values were found to be 
lower than (60–70%) when the cavity was 
filled with an overall saturated porous 
material. 

Abdulkadhim et al. 
[152] with 
permission from 
Elsevier 

Finite element scheme and Darcy–Brinkman model. 
A temperature gradient from the hot inner 
corrugated cylinder is used statistically to study 
natural heat transfer convection.—different inner 
grooved numbers placed in a cooled wavy-walled 
enclosure filled with Ag nanofluid. 

Raising the number of Rayleigh and Darcy 
numbers improves the strength of the fluid 
flow and the thickness of the shear layer. The 
strength of the fluid flow can be conveyed by 
the high number of the sinusoidal inner 
surface. Also, increasing the thickness of the 
porous layer decreases the heat transfer rate. 

Abdulkadhim et al. 
[160] with 
permission from 
Elsevier 

Galerkin-weighted residual formulation and finite 
element method for natural convection of Cu-water 
nanofluid in a wavy, magnetically-driven cage with a 
heated, round cylinder within. 

At low Rayleigh numbers, the magnetic field 
had no discernible effect, according to the 
findings. High Rayleigh numbers boosted 
heat transmission substantially. 

Munawar et al. [164] 
with permission from 
Elsevier 

Finite element method for Entropy generation and 
natural convective hybrid nanofluid flow in a 
triangle corrugated enclosure with a triangular 
heater on the inside. 

The magnetic field is effective in minimizing 
the average entropy of the enclosure. 
Moreover, the large values of the Hartmann 
number cause heat transfer irreversibility to 
be augmented. An enclosure with inclined 
corrugated walls is more effective in 
minimizing the overall entropy than flat 
inclined walls, especially at the higher value 
of the Rayleigh number.  
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immersed-boundary method was implemented to numerically investi
gate the mixed and natural convection within domains with rotating and 
stationary complex geometry [52]. A detailed study of free convection 
over a heated elliptical cylinder at the center of a cold square cavity is 
conducted. The article investigated the relationships between the Ray
leigh number, cavity aspect ratios, and the axis ratio [53]. 

The study of Kang et al. [54] dealt with numerical fluid flow and heat 
transfer investigations on the location of inner heated cylinders in 
cooled enclosures on the Rayleigh number equal to 107. In the work of 
Butler et al. [55], the free convective heat transfer from a 
heat-generating horizontal cylinder enclosed in a square cavity was 
studied. Results show that at the low Rayleigh numbers, the available 

Table 4 
Mixed convection with inner bodies (single-phase nanofluid).  

Authors Geometry Solution method and used models Results and remarks 

Kalteh et al. [165] with 
permission from 
Elsevier 

Finite difference method for stream-function- 
vorticity formulated equations. Brinkman model for 
viscosity, while the Brownian motion is considered 
for the thermal conductivity. 

All nanoparticles examined showed the positive role 
of nanofluid. The Ag nanoparticles gave the highest 
Nusselt number, while TiO2 nanoparticles were the 
worst among them. Smaller size nanoparticles 
augment Nusselt numbers better than big ones. 

Chatterjee et al. [166] 
with permission from 
Elsevier 

CFD FLUENT package implementing finite volume 
method. The Brinkman model for viscosity and 
Maxell-Gannet for thermal conductivity. 

Cu–H2O nanofluid increases the Nusselt number and 
reduces the drag coefficient. The rotation of the 
adiabatic centered cylinder plays an adverse action on 
the Nusselt number. Moving the top wall and the 
rotating cylinder in opposite directions raises the drag 
coefficient. 

Selimefendigil and Oztop 
[167] with permission 
from Elsevier 

Finite element method. Brinkman model for 
viscosity and Maxell-Gannet for the thermal 
conductivity. 

Nanofluid enhances the Nusselt number. Nusselt 
number is enhanced when the inner adiabatic 
cylinder rotates clockwise, i.e., in assistance mode 
with the top moving wall. Although the magnetic field 
retards the Nusselt number, it can be considered as a 
parameter to control the heat transfer inside the 
cavity. 

Boulahia et al. [168] with 
permission from 
Elsevier 

Finite volume method. Corcione models for viscosity 
and thermal conductivity implementing the 
Brownian motion. 

Although there are no notable deviations among the 
Nusselt numbers of different nanoparticles, copper 
gave the highest Nusselt number while titanium oxide 
was the worst. The size of nanoparticles plays a 
notable role in enhancing the Nusselt number, while 
the direction of the bottom wall does not. 

Alsabery et al. [169] with 
permission from 
Elsevier 

Finite element method. Corcione models for 
viscosity and thermal conductivity implementing the 
Brownian motion. 

The rotation of the cylinder is useless for the high 
Rayleigh number. The waviness of the vertical walls 
inferred the friction irreversibility greater than the 
thermal one. The volume fraction of the alumina 
raises the Nusselt number with an ignorable impact on 
the entropy generation. 

Boulahia et al. [170] with 
permission from 
Elsevier 

Finite volume method. Corcione models for viscosity 
and thermal conductivity implementing the 
Brownian motion. 

When the outlet port is located in the upper or middle 
of the right wall, the role of nanoparticles scales down 
for weak and moderate natural convection. The lower 
the outlet port is, the better the t heat transfer 

(continued on next page) 
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literature correlations can well predict the heat transfer from the cyl
inder. However, as the Rayleigh number increases, where the overall 
heat transfer from the cylinder increases, some deviations are seen. 
Two-dimensional numerical simulations are performed by Lee et al. [56] 

for the natural convection case in a cold enclosure containing a hot inner 
cylinder at the center. The results show that variations in the dimensions 
of the bottom-wall local heating zone can lead to minor modifications to 
the thermal and flow field at Ra = 103 and 104. A numerical study 

Table 4 (continued ) 

Authors Geometry Solution method and used models Results and remarks 

Hussein et al. [171] COMSOL Multiphysics to solve the governing 
equations. 
Maxwell-Garnett and Brinkman formulas to predict 
the thermal conductivity and viscosity, respectively. 

Nusselt number increases with the nanoparticles 
volume fraction, Darcy number, and rotational speed 
of the cylinder. The effect of the rotating cylinder was 
much evident in the regular layer. The height of the 
porous layer weakens the convective heat transfer 

Thakur et al. [172] with 
permission from AIP 
Publishing 

Galerkin finite element method. 
Maxwell-Garnett and Brinkman formulas to predict 
the thermal conductivity and viscosity, respectively 

The augmentation of Nusselt number due to the 
Reynolds and Grashof numbers is much higher than 
that due to the addition of nanoparticles. The role of 
the nanoparticles in enhancing the Nusselt number 
decreases with higher values of Reynolds and Grashof 
numbers. 

Jamal and Hussain [173] Galerkin finite element method. 
Maxwell-Garnett and Brinkman together with the 
general mixing rules formulas, were used to predict 
the nanofluid properties. 

No distinct fashion regarding the hybrid nanofluid 
compared with regular nanofluids. When the cylinder 
rotates incompatible with the top wall movement, the 
Nusselt number is maximum. 

Re-plotted from Ishak 
et al. [174] 

Galerkin finite element method. Corcione model for 
viscosity and thermal conductivity. 

The alumina nanoparticles raise the Nusselt number 
and the rate at which entropy is generated. In terms of 
heat transmission and entropy, the inner cylinder’s 
size and placement were the most important factors. 

Re-plotted from Ali et al. 
[175] 

Finite element method implemented in COMSOL 
Multiphysics. The thermal conductivity takes into 
account the high-speed motions of nanoparticles 
which is formulated by adding a dynamic term to the 
primitive Maxwell-Garnett model. The viscosity was 
modeled based on a polynomial relation (Pak and 
Cho). 

Increasing the rotating speed and placing the heat 
source in the corner of the enclosure result in a 
considerable increase in heat transmission. High 
percentage augmentation of Nusselt number when 
raising the volume fraction of 5%. The magnetic field 
suppresses fluid circulation and heat transfer. 

Re-plotted from Shirani 
and Toghraie [176] 

Finite volume method. Maxwell-Garnett for thermal 
conductivity and Pak and Cho for viscosity. 

Distinct results were found, where the Nusselt number 
elevates with decreasing Darcy and Richardson 
numbers. The porosity has no decisive effect on the 
Nusselt number, and the contribution of the harmonic 
rotation of the four cylinders becomes more 
perceptible at higher permeability. The role of the 
nanoparticles was positive, where under certain 
circumstances, setting the volume fraction at 3%, the 
Nusselt number rises to 30%.  
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investigated a temperature difference induced by natural convection 
between two hot inner circular cylinders and a cold outer square 
enclosure. The effects of the two cylinders located on the heat transfer 
and laminar fluid flow are investigated in Ref. [57]. Park et al. [58] 
revealed the natural convection caused by a temperature differential 
between a hot internal circular cylinder and a cold outer inclined square 
enclosure. The findings demonstrated that the simultaneous impacts of 
convection and the relative distance between the walls of the enclosure 
and the cylinder determine the distribution of streamlines, isotherms, 
and local and surface averaged Nusselt numbers. 

In the work of Liao and Lin [59], numerical immersed boundary 
investigations are performed for free convection within curved geome
try domains. Free convection caused by a temperature difference be
tween an exterior cold square enclosure and two heated interior circular 
cylinders was explored by Park [60]. Also, compared with a 
single-cylinder example, results for two-cylinder and single-cylinder 
cases are compared to see how the interaction with the two heated 
inner cylinders affects the overall results. Yoon et al. [61] numerically 
solved two-dimensional natural convection of two circular cylinders 
located in a cooled square enclosure, with different isothermal condi
tions at various Rayleigh numbers set in the range (103-105). The nu
merical simulations of Choi et al. [62] are used by the immersed 
boundary method (IBM). On the basis of a Prandtl number (0.7) and a 
rhombic enclosure, results for the effects of natural convection on 
temperature distributions are presented. In a porous enclosure con
taining heat sources at high temperatures mounted on top and bottom 
walls, thermal characteristics and fluid flow patterns associated with 
free convective heat transfer are examined, where the results show the 
generated high thermal gradient in the vicinity of heat sources leads to 
the formation of irreversibility that maximizes the entropy generation 
[63]. A new flexible forcing immersed boundary (IB)–lattice Boltzmann 
method (LBM) was implemented to investigate the natural convection 
process in a hot eccentric square cylinder with an annulus of a cold 
square enclosure [64]. 

Dash and Lee [65] extended the previous numerical study [64] and 
investigated diagonal and horizontal eccentric displacement in a square 
cylinder for the problem of buoyancy-induced convective heat transfer 
and fluid flow. They gave a comprehensive analysis of the distribution of 
the Nusselt number, streamlines, and isotherms as functions of the 
Rayleigh number. An inquiry of the effects of Prandtl and Rayleigh 
numbers is performed on the results of a buoyancy-induced flow for 
heated cylinders enclosed within square domains [66]. Choi et al. [67] 
presented the numerical simulations using the three-dimensional 
immersed boundary method to study the natural convective heat 
transfers in a cubical enclosure containing a circular cylinder. The ef
fects of the location of the inner circular cylinder on the 
buoyancy-induced convective heat transfer and fluid flow in the cubical 
enclosure were investigated. The numerical study of Park et al. [68] 
investigated a temperature difference that induced natural convection 
heat transfer between four hot inner circular cylinders and a cold outer 
square enclosure in a rectangular array. A 2D immersed boundary 
method was implemented for the solution of natural convection in the 
enclosure containing four cylinders. Depending on 3D simulations, nu
merical natural convection results are presented in a rectangular chan
nel with an inner cold circular cylinder [69]. 

The temperature difference induced natural convection heat transfer 
investigations were conducted to numerically simulate the Two- 
dimensional domain between a hot inner circular cylinder and the 
cold walls of the square enclosure. Mun et al. [70] used an efficient and 
accurate numerical immersed boundary method to obtain the detailed 
analysis results; the distribution of Nusselt numbers, isotherms, and 
streamlines are all included in this study. While in the study of Doo et al. 
[71], Convection cell shapes and heat transport features were examined. 
The natural convection phenomena were numerically simulated using 
the immersed boundary method (IBM) around a cold cubic enclosure 
with a hot inner circular cylinder to capture the inner cylinder virtual 

wall boundary, using the finite volume method (FVM) [72,73]. The 
variational multiscale element-free Galerkin method (VMEFG) was 
adopted by Zhang et al. [74]. They numerically investigated a 
steady-state study for free convection in an outside square cage with an 
interior elliptic cylinder that is hotter than the surrounding environ
ment. Inverse conjugate free convective heat transfer problem with 
several unidentified heat sources is examined by Zhang et al. [75] based 
on temperature sensing inside the enclosure using the conjugate 
gradient method. The inverse solutions obtained with simulated tem
perature measurements could be gained by the proposed inverse prob
lem approach for the unknown heat flux functions. In a vertical 
container, Hu et al. [76] quantitatively analyzed the influence of solid 
impediments on laminar natural convection. To find optimal arrange
ments for heat transfer improvement in the cooling of electronic units, 
where the results demonstrated that there is a rising correlation between 
Rayleigh numbers and the average Nusselt number and solid-to-fluid 
thermal conductivity ratio and a decreasing function of solid-to-fluid 
volume ratio. Results indicate that the existence of solid impediments 
inside a fluid that is naturally convecting causes flow interference, 
which can have a dominant impact on the rate of heat transfer and flow 
patterns. The results proved that horizontal interference predominates 
concerning vertical interference in shallow enclosures [77]. Souayeh 
et al. [78] numerically examined a temperature difference 3D free 
convection of air between a hot inner cylinder and a cold outer cubic 
enclosure, where the results indicated that at Rayleigh number equal to 
106 and an inclination of 90◦, the optimal average heat transfer is readily 
available er rate can be obtained for both cases of lateral walls of the 
cubical enclosure and the inner cylinder. Using the Lattice Boltzmann 
Method (LBM), two-dimensional magneto-hydrodynamics (MHD) stable 
laminar free convection flow in a square enclosure with an electrically 
conducting fluid was examined computationally by Hussein et al. [79], 
which the Prandtl, Rayleigh, and Hartmann numbers have an essential 
role on the thermal and flow features. 

Seo et al. [80,81] described a comprehensive parametric investiga
tion on rectangular arrayed cylinders where the effect of the cylinder’s 
location on the flow characteristics in various flows was examined based 
on the immersed boundary method. The review of Das et al. [82] sum
marized the free convective heat transfer studies in curved and wavy 
trapezoidal, triangular, parallelogrammic cavities filled with fluid or 
porous medium or nano-fluids. Jelita et al. [83] studied the free 
convective heat transfer between a hot inner elliptical cylinder and a 
cold outer square enclosure where convective flow depends on the 
Rayleigh number, elliptical shape, and orientation. The study of Xu et al. 
[84] adopted LBM to investigate the double-diffusive natural convection 
around a heated cylinder in an enclosure filled with a porous medium. 

2.1.5. NCIB-RF: (2018–2022) 
It was noted that the number of researches increased during this 

period. Thus, it deserves a separated subsection. In the work of Kefayati 
and Tang [85], the Finite Difference Lattice Boltzmann Method (FDLBM) 
was used to investigate the double-diffusive natural convection, viscous 
dissipation, Dufour and Soret effects in a heated cylinder with 
non-Newtonian fluid. Free convection in a heated inclined cavity filled 
with viscoelastic fluids and with single and multiple inner cold circu
lar/elliptical cylinders has been simulated using the Lattice Boltzmann 
Method (LBM), where the results indicated that increasing the Rayleigh 
number enhances the heat transfer, with a decrease in the dimensions of 
the unyielded zones [86–88]. Kefayati and Tang [89] examined the 
thermosolutal entropy generation and free convection in a heated cavity 
filled with a non-Newtonian Carreau fluid with two inner cold cylinders 
by LBM. The results indicated that heat transfer for many examined 
parameters is enhanced as the Rayleigh number increases, for example, 
the Buoyancy ratio, Hartmann number, and power-law indexes. Aberuee 
et al. [90] investigated the problem of natural convection heat transfer 
inside an industrial oven with an internal plate. The results proved that 
the total rate of heat transferred by a cavity with an internal isolated 
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plate is always lower than that of an empty cavity. The case of 
two-dimensional natural convection was numerically investigated by 
Cho et al. [91] in a square cavity consisting of a vertical array of two 
circular and elliptical cylinders at a specific range of Rayleigh numbers. 
Mun et al. [92] considered two-dimensional numerical simulations and 
free convection in a four-cylinder diamond-shaped enclosure. The au
thors of the study of Seo et al. [93] are concerned with the problem of 
free convective heat transfer inside an industrial oven with an internal 
plate. 

Zhao et al. [94] used the lattice Boltzmann model to simulate the 
conjugate natural convection in a rectangle containing a cylinder to 
investigate the effect of heat capacity. It has been discovered the heat 
transfer rate obtained for different wall thicknesses is usually smaller 
than that for the zero-wall thickness. At the same time, this difference is 
not apparent for a larger thermal conductivity ratio. A 3D numerical 
simulation study [95] was conducted to analyze the natural convection 
in a long, cold, rectangular enclosure with an inner hot circular cylinder. 
The virtual cylinder wall boundary was captured based on the finite 
volume method (FVM) using IBM, where the heat transfer characteris
tics were influenced by the radius of the cylinders. Lee et al. [96] 
investigated internal 3D natural convection heat transfer between a 
spherical surfaces housed within a cuboidal enclosure. Obtained results 
revealed the existence of a critical Rayleigh number beyond which the 
Nusselt number reduces as the temperature difference augments. The 
review of Pandey et al. [97] presented a comprehensive summary of 
experimental and numerical surveys and examinations related to 
laminar natural convection inside enclosures with and without inner 
bodies. Cho et al. [98] numerically focused on studying the 2D simu
lations of the free convection in a cold square enclosure with a vertical 
array of two hot elliptical cylinders at different Ra ranges (104-106). 
IBM, based on the finite volume method (FVM), was used to capture the 
virtual wall boundary of the cylinders. 

Authors in the work of Alomar et al. [99] studied the convective heat 
transfer over two perpendicular plates embedded inside a porous square 
cavity using non-Darcian flow and Local Thermal Non-Equilibrium 
(LTNE) assumptions. The results showed that the average Nusselt 
number is robust to the modified Rayleigh number and inertia param
eter. The research of Dutta et al. [100] reconstructed a developed 
compact finite difference approach for the Navier-Stokes (N–S) equa
tions in the biharmonic and combined it with a high order compact 
(HOC) scheme for the energy equation to compute the flow around the 
heated circular and diamond cylinders inside a square enclosure. The 
study results on nonuniform grids without transformation have an 
excellent match with available numerical results for both adiabatic and 
isothermal partitions of the square. Hedia et al. [101] numerically 
simulated the free convection phenomena between a hot inner body and 
its outer enclosure. The results found that the thermal and flow fields 
eventually reach a steady state for Rayleigh numbers ranging from 104 

to 107. Boukendil et al. [102] examined the hydrodynamic and the 
thermal behavior of the fluid, and the radiative and the convective heat 
transfer are investigated for Rayleigh numbers ranging from 103 to 107, 
where the obtained results indicate that as the Rayleigh number in the 
absence of the surface radiation is increased, the convection is 
strengthened above the heating element. At the same time, conduction 
persists below the passive portion of the circular body. The effects of 
exponentially temperature-dependent viscosity on free convection in a 
porous cavity with a circular cylinder are investigated numerically via 
the lattice Boltzmann (LB) method based on local thermal 
non-equilibrium (LTNE) conditions, indicating that by increasing the 
LTNE parameters such as the thermal conductivity ratio of solid-to-fluid 
and the coefficient of the interphase heat transfer, the solid heat transfer 
rate increases dramatically. At the same time, few changes are found in 
the heat transfer rate of fluid [103]. Alomar et al. [104] presented the 
characteristics of natural convection induced by a bank of orthogonal 
heated plates instilled inside a porous cavity using the assumption of 
local thermal non-equilibrium (LTNE) and non-Darcian conditions. 

Numerical solutions confirmed that the average Nusselt number (Nu) 
robustly depends on thermal conductivity ratio, inertia parameter, and 
modified Rayleigh number in comparison with scaled heat transfer co
efficient, and the results show that the solid Nusselt number is lower 
than fluid Nusselt number (Nuf ) for an exact value of the inertia 
parameter. Natural convection flow in a cold cubic cavity was studied by 
Zemach et al. [105] for its instability features considering a tandem of 
horizontally aligned cold and hot cylinders. Results indicated that the 
spatio-temporal symmetry preservation in a moderately supercritical 
flow is affected by boundary distance and object orientation in con
tainers with substantially separated thermally driven flows, and this 
leads to fundamental instability. 

Unsteady natural convective heat transfer and flow in a heated cir
cular cylinder enclosed in a square enclosure with various vertical lo
cations were numerically analyzed. A comprehensive study has been 
presented on time-periodical natural convection induced by the sinu
soidal temperature of the inner circular cylinder with different vertical 
locations [106]. A numerical study has been presented to analyze the 
characteristics of natural convection induced by a bank of orthogonal 
heated plates instilled inside a porous cavity using the assumption of 
local thermal non-equilibrium (LTNE) and non-Darcian conditions. The 
numerical solutions demonstrated that the average Nusselt number 
robustly depends on thermal conductivity ratio, inertia parameter, and 
modified Rayleigh number compared to the scaled heat transfer coeffi
cient [104]. Vijaybabu [107], using the LB method, analyzed the sig
nificance of porous circular cylinder and magnetic field on the 
double-diffusive free convective heat transfer and the generation of 
entropy in an enclosure. The results explained that the improvement in 
thermal and concentration gradients produced at higher permeability 
enhances the strength of buoyancy force. Thus, an augmentation in 
flow-field intensity occurs around the porous cylinder. Some other en
closures contain blades [108,109] or cylinders [110] which are essential 
for mixture applications but have not yet been investigated for 
nanofluids. 

2.2. Mixed convection with internal bodies-regular fluid (MCIB-RF) 

The mixed convection flows or a combination of forced and free 
convection flows that occur in many industrial and technological ap
plications in nature, e.g., fan cooling of electronic devices, wind currents 
flowing over solar receivers, cooling of nuclear reactors in an emergency 
shutdown, heat exchangers located in a low-velocity environment, 
oceanic and atmospheric flows, and so on. In mixed convection, the 
forced and the natural convection effects are of equivalent magnitude. 
The lid-driven cavity flow is a standard benchmark problem for inves
tigating several interesting fluid flow aspects. A significant number of 
research have concentrated on this problem, and an excellent review 
theme was described by Shankar and Deshpande [111]. We can char
acterize the mixed convection cases using the Grashof number (Gr) and 
the Reynolds number (Re) for natural and forced convection, respec
tively. The Richardson number expresses the qualified impact of buoy
ancy on mixed convection: 

Ri=
Gr
Re2 

A small value of Richardson numbers describes forced-convection- 
dominated flow. Richardson numbers higher than Ri, approximately 
16, describe the flow case as simple natural convection, and the forced 
convection effects can be considered negligible [112,113]. Similar to 
natural convection, the originating mechanism of mixed convection 
flow depends significantly on heat transfer (as buoyancy), and turbu
lence effects play a vital role. 

Rahman et al. [114] studied numerically with the Galerkin weighted 
residuals finite element, the mixed convection flow and heat transfer of a 
heat-conducting square cylinder is located at various points in the 
square hollow. They considered various values of Richardson numbers 
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and the inner cylinder position. They found that in the forced 
convection-dominated area, the highest value of the average Nusselt 
number occurs when the cylinder is in the vicinity of the top wall along 
the mid-vertical plane. However, this condition in the natural 
convection-dominated scopes is met when the cylinder is moved closer 
along the mid-horizontal plane to the left vertical wall. In a lid-driven 
cavity housing a circular cylinder body, Oztop et al. [115] described 
the situation of fluid flow and heat transmission owing to mixed con
vection. They used the finite control volume numerically for three 
temperature boundary conditions employed toward the inner solid 
cylinder as 1) adiabatic, 2) isothermal or 3) conductive condition. They 
found that the thermal conductivity traces are negligible concerning the 
small diameter of the circular solid body. 

Hussain and Abd-Amer [116] considered the mixed convection flow 
and heat transfer of air located inside a wavy hollow with a horizontal 
circular heat-conducting cylinder they reported that the average Nusselt 
numbers on the heated surface are greatly influenced by the Richardson 
and Reynolds numbers and the size of the embedded solid cylinder. 
Hussain and Hussein [117] considered the laminar steady mixed con
vection problem in a two-dimensional square cavity by employing the 
finite volume method. The enclosure is filled with air, and the left sur
face is dominated by an isothermal temperature higher than the right 
surface. The top and bottom cavity surfaces are held adiabatic. The 
outcomes demonstrate that the improvement in the Richardson and 
Reynolds numbers holds an important function in the flow and tem
perature ranges. The rotating cylinder positions have a significant in
fluence on improving convection heat transfer within the square cavity. 
Islam et al. [118] reported the case of the mixed convection flow and 
heat transfer inside the upper surface lid-driven square cavity with an 
isothermally heated inner block using the finite volume method. Some 
parameters were used in the investigation, such as; the inner block ratio 
and location, Reynolds number, Grashof number, and Richardson 
number. They found that for the mixed convection rule, it is determined 
that the average Nusselt number does not change significantly with the 
development of the Richardson number to any size of the inner block 
located anywhere in the square cavity. 

Khanafer and Aithal [119] reported the heat transfer and laminar 
mixed convection flow features inside a lid-driven cavity in an oscil
lating cylindrical shape using the finite element technique. The top cold 
surface moves in the right direction with a constant velocity while the 
bottom surface remains maintained at a hot temperature. The vertical 
surfaces of the cavity are examined adiabatic. They observed that the 
average heat transfer grows with an addition in the Richardson number 
for all the examined non-dimensional cylinder sizes. Ray and Chatterjee 
[120] reported the magnetic field and Joule heating impact of a 
lid-driven cavity on the combined convection and heat transfer having 
heat conducting a solid inner object and corner heater. They found that 
the form of the inner object produces a significant impact on thermal 
transport. Hence, solid objects with high thermal conductivity are 
employed to develop a conjugate heat transfer tool and utilize a mag
netic field to control heat transfer inside the cavity region. It is realized 
by Morshed et al. [121] that the average heat transfer at the inner 
block’s surfaces elevates with the rising of the Reynolds number on any 
Richardson number inside a square cavity having two inner heated 
square blocks. Three arrangements of the two square blocks had resulted 
in three correlations to the Nusselt number. 

In another work, Gangawane and Manikandan [122] considered the 
case of mixed convection and heat transfer features within a lid-driven 
cavity, including a heated triangular block. Alsabery et al. [123] re
ported the entropy generation and mixed convection flow with 
fluid-structure interaction analysis within a square cavity with a flexible 
horizontal surface and heated inner rotating cylinder using the finite 
element method. They observed that the highest average heat transfer 
values are obtained for counter-clockwise rotation of the circular cyl
inder and lower rates of flexible surface deformation. 

Other work by Alsabery et al. [124] indicated that the fluid flow 

could be dominated by managing the rotating velocity of the circular 
cylinder. Cho et al. [125] used an artificial neural network to predict the 
performance of heat transfer, and mixed convection flows into a 
lid-driven square cavity with an elliptical tilted cylinder. They showed 
that the development of the Richardson number led to the enhancement 
of the buoyancy outcomes. Hamza and Mahdi [126] examined the study 
of heat transfer aspect and mixed convection flow inside a square cavity 
with a modified aspect ratio that has a grooved heated circular body. 
Different aspect ratios of the enclosure have changed (0.75, 1, and 1.5). 
They found that the local heat transfer becomes a periodic form 
throughout the hot inner cylinder to all aspect ratios and begins to drop 
about Richardson number displays below unity. Xiong et al. [127] 
explored the numerical simulation of the heat transfer, and MHD mixed 
convection flows within a lid-driven triangular cavity by various 
obstacle forms. They noticed that the Richardson number remains an 
increasing role regarding the Nusselt number, while the reverse aim 
does recognize the increase in the Hartmann number. 

3. Convective heat transfer in enclosures with inner bodies 
(single-phase model) 

In this section, we will review the studies of convective heat transfer 
in enclosures involving inner bodies while the annulus space is filled 
with nanofluids and simulated using a single-phase flow. Natural and 
mixed convection studies are grouped in the following two subsections. 

3.1. Natural convection with inner bodies (single-phase nanofluid) 

Thermal convection is a method of transferring energy that combines 
conduction, energy collection, and medium movement. Improving and/ 
or controlling heat transport phenomena inside thermal systems is 
crucial due to industrial applications, including device cooling, heat 
exchangers, built-in storage, and power generation. As a result, re
searchers have suggested several successful approaches, including 
changing the thermophysical characteristics of the working fluids (for 
example, employing nanofluids), modifying the system geometry within 
which the phenomena occur, or employing internal/external stimuli 
such as magnetic field, internal heating or absorbing, and external 
heating or cooling, etc. Several researches on nanofluids investigated the 
synthesis and stability of nanofluids are the prerequisites for using them 
as a heat transfer fluid [128,129]. 

In the work of Yu et al. [130], the heat transfer was numerically 
studied by unsteady natural convection in a heated inner horizontal 
circular cylinder enclosed via a coaxial triangular box for a wide range of 
Grashof numbers, aspect ratios, and tilt angles of a triangular cylinder. 
The results showed that different stages during the flow evolution 
pathway were determined by the developments of the mean Nusselt 
number on the inner circular wall. It has been studied numerically the 
issue of free convection fluid flow and heat transmission of Cu–water 
nanofluid inserted in a square cavity. The obtained results convey that 
the average Nusselt number rises as the volume fraction of the nano
particles increases, Mahmoodi and Sebdani [131]. 

A numerical study is carried out concerning the natural convective 
heat transfer of a nanofluid in a 2D square enclosure enclosing several 
pairs of heater and coolers (HACs) by Garoosi et al. [132]. However, the 
results indicate that HACs spatial distribution has a dominant influence 
on the rate of heat transfer. The augmentation of natural convective heat 
transfer in nanofluids from a horizontal square cylinder located in a 
square cavity is numerically investigated. The obtained results demon
strated that raising the volume percentage of nanoparticles at all Ray
leigh numbers increases the average Nusselt number, Kahwaji and Ali 
[133]. The work of Abdallaoui et al. [134] calculated the natural con
vection around a decentred triangle cylinder in a square cylinder using 
the lattice-Boltzmann technique. The Lattice Boltzmann Method is used 
by Sheikholeslami and Ganji [135] to investigate the natural convection 
flow of CuO–water nanofluid in a square cavity with a rectangle heated 
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body. Results obtained showed that heat transfer and fluid flow char
acteristics are highly affected by the position of the heating cylinder, and 
the average Nusselt number is positively influenced by the increase of 
nanoparticle volume fraction for all considered heating block positions. 

Boulahia and Sehaqui [136] used numerical tools to focus on the 
problem of free convection in a square enclosure embedding a 
centrally-placed heated block that was filled with Cu–water nanofluid, 
where the results revealed the increase in the surface area of the heated 
body had enhanced the heat transfer. Nanofluid flow and heat transfer 
rates are examined numerically in a heated circular and elliptical cyl
inder domain in the confines of a chilled cubic enclosure by Ravnik and 
Škerget [137]. Results show that for the conduction-dominated flow 
regime, the highest heat transfer enhancement occurs where thermal 
characteristics of nanofluids have a significant impact. 

Zhang and Che [138] introduced a simulation of Cu–water nano
fluids under the magneto-hydrodynamic and heat transfer effects in a 
four-heat-source inclined cavity was performed using a 2D double 
multiple-relaxation-time (MRT) thermal lattice Boltzmann model. 
Adding Cu had a higher effect on flow fields than temperature patterns, 
according to the findings of the study. Natural convective heat transfer 
of Cu-water nanofluid was numerically investigated in a square enclo
sure having a cold obstacle. It was demonstrated that the heat transfer 
rate inside the enclosure stimulates increasing the volume fraction of 
nanoparticles, the cold block height, and the Rayleigh number, Boulahia 
et al. [139]. The solid isothermal partition insertion effects in a 
nanofluid-filled enclosure chilled by an isothermal cooler at the corner 
were investigated by Sheremet et al. [140] via computational study. 
Obtained results show that the adoption of nanoparticles increases the 
heat transfer and attenuates the convective flow inside the enclosure. A 
vorticity-vector potential technique was used to conduct a 3D numerical 
survey of the natural convective heat transport in an inclined cubical 
enclosure filled with CNT-water nanofluid. The results clarified that heat 
transfer can be enhanced using the CNT particles in all of the considered 
cases, Al-Rashed et al. [141]. Similarly, the 3D vorticity-vector potential 
formalism was adopted to evaluate the entropy generation inside an 
inclined cubical differentially heated enclosure filled with CNT-water 
nanofluid using FVM. The obtained results convey that the 
buoyancy-driven Raleigh number augmentation leads to the increase in 
entropy generation, as explained by Al-Rashed et al. [142]. The natural 
convective heat transfer was simulated using the lattice Boltzmann 
method in enclosures filled with DWCNTs-water nanofluid and with 
active internal rigid bodies by Rahimi et al. [1], where isothermal lines 
and streamlines are significantly influenced by the arrangement of 
refrigerant bodies available. 

The study of Dogonchi et al. [143] aimed to survey the free con
vection in a local triangle heater’s upper part of a circular horizontal 
cylinder using the control volume finite element method (CVFEM). 
Copper-water nanofluid was selected as the working fluid, and a uniform 
magnetic field and cold cylinder shell were also accounted. The obtained 
results propose that the average Nusselt number is an increasing func
tion of the shape factor, Rayleigh number, and nanoparticles volume 
fraction. At the same time, it is reversely affected by the Hartmann 
number. The natural convective heat transfer and fluid flow were 
simulated by the lattice Boltzmann numerical method by Rahimi et al. 
[144]. The total entropy generation process and the free convective heat 
transfer were numerically analyzed using the Lattice Boltzmann method 
by Rahimi et al. [3]. It was concluded that the array of refrigerant bodies 
significantly influences the streamlines of isothermal lines. Lattice 
Boltzmann simulation was selected as the numerical tool to simulate the 
free convection in an H-shaped enclosure filled with nanofluid, which 
was performed by Rahimi et al. [145], where the arrangements of active 
internal bodies significantly affect the local entropy generation and 
Nusselt number. A model was developed to investigate the nanofluid 
free convection between a square cavity and a rectangular, an elliptical, 
or a circular cylinder by Roy [146]. The outcome of these investigations 
showed that the streamline’s intensity increased with inner shapes of 

rectangular, circular, and elliptical. Also, the problem of free convection 
in a nanofluid-filled container with several solid structures was solved 
via an incompressible smoothed particle hydrodynamics (ISPH) method, 
Aly and Raizah [147]. The quantity of solid structures has a significant 
impact on the heat transfer rate and fluid flow inside a cavity, according 
to the findings. 

The nanofluid flow and rate of heat transfer in a heat exchanger, 
using various thermal configurations of active interior bodies were 
studied by KhakRah et al. [148]. The obtained results convey that a 
better heat transfer performance is achieved because platelet nano
particles result in a larger average Nusselt number. An investigation of 
fluid flow and heat transfer was conducted by Hussain and Rahomey 
[149]. The temperature gradient induced to flow between an inner hot 
cylinder and an outer cold square cavity filled with nanofluid super
posed porous-nanofluid layers. As a consequence, the findings showed 
that the computed total surfaces-averaged Nusselt numbers of the cavity 
and the heat transfer rate from the outer cavity, in which the triangular 
cylinder is inserted, are the best. Natural convective heat transfer in an 
annulus between confocal elliptic cylinders filled with CNT-water 
nanofluid was numerically studied [150]. 

Free convection heat transfer and fluid flow with an interior circular 
cylinder of parallelogram cavity using Cu-water nanofluid were 
numerically investigated by Majdi et al. [151]. Flow patterns and heat 
transmission were found to be significantly affected by the inclination 
angle. A temperature gradient from the heated inner corrugated cylinder 
was used to simulate the natural convection of heat transmission by 
Abdulkadhim et al. [152]. Results suggested that moving upward the 
internal sinusoidal cylinder increases the strength of the fluid flow and 
the increase of the porous layer thickness reduces the average heat 
transfer. Free convective heat transfer between a hot triangular-shaped 
permeable cylinder and a cold square enclosure was examined under the 
influence of a magnetic field using the lattice Boltzmann method by 
Vijaybabu and Dhinakaran [153]. It saw that the permeability incre
ment enhances the fluid momentum, whereas the magnetic field reduces 
the kinetic energy of the fluid. 

In addition to the effect of fluid-solid thermal conductivity ratio, the 
magnetic field effect was numerically investigated on natural convection 
and generation of entropy in a nanofluid-filled cavity with a conducting 
wavy solid block by Tayebi and Chamkha [154]. The generation of en
tropy, patterns of fluid flow, and rate of heat transfer regarding 
Cu–Al2O3 -water hybrid nanofluids in an enclosure which has a complex 
shape and contains a hot-half partition were conducted by Alsabery et al. 
[155]. The obtained results demonstrated that using hybrid nanofluids 
enhances the Nusselt number compared with plain nanofluids. The study 
of Tayebi et al. [156] was conducted to extract the characteristics of free 
convective heat transfer, flow field, and entropy generation. To account 
for the IHG/A phenomena, the working fluid was Cu–Al2O3/H2O based 
hybrid nano liquid in an annulus, which was separated from the outside 
by two elliptic cylindrical walls. The study of Dogonchi et al. [157] 
investigated numerically heat transfer during natural convection in a 
square shaped enclosure embedded with a wavy circular heater filled 
with nanoparticles and subjected to an external magnetic field. As a 
consequence, it was shown that the heat transmission rate decreases as 
the nanoparticle volume fraction increases and the Rayleigh number 
decreases. However, the Hartmann number has a reverse effect on it. 

A comprehensive, benchmark numerical simulation was carried out 
by Moria [158] to reveal the significance of porous layers in the 
improvement of natural convection of L-shape enclosure and, secondly, 
non-dimensionally optimize the location of blocks and porous layer to 
achieve the maximum heat transfer rate. The study of Patpatiya et al. 
[159] looked at how various working fluids (air, water, and (Ag-water) 
nanofluid) affected laminar and steady-state buoyancy-induced flow 
across an eccentrically heated square plate positioned along a horizontal 
center plane in a square hollow. Effects of the location of the cylinder 
and the Rayleigh number were investigated using an analogous tem
perature and flow field distribution. Magnetohydrodynamic free 
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convection of nanofluid (Cu-water) in a wavy walled cavity enclosing a 
circular hot cylinder was studied via employing Galerkin-weighted re
sidual formulation by Abdulkadhim et al. [160]. Results confirmed that 
the heat coefficient plays an important role in the Nusselt number at a 
low Rayleigh number, while its significance diminished when the Ray
leigh number increased. Hosseinjani and Roohi [161] performed a sur
vey on the problem of the free convective heat transfer about an 
elliptical hot cylinder located in a cold rhombus nanofluid-filled enclo
sure under a uniform magnetic field was numerically performed. The 
study of Aly et al. [162] dealt with free convection flow induced by 
rotating circular cylinders in a horizontal wavy enclosure fully filled 
with nanofluid. The results conveyed that temperature distributions of 
nanofluid flow can be raised by increasing the radius of the inner cyl
inder. In an annulus with two heat sources and an inner spinning circular 
cylinder, a numerical analysis of convective heat transport has been 
performed by Mirzaie and Lakzian [163]. The results showed that the 
presence of nanoparticles, rotating cylinder, and applying approxima
tion via the Boussinesq method and water in the vicinity of the density 
inversion point enhances the rate of heat transfer. 

3.2. Mixed convection with inner bodies (single-phase nanofluid) 

Nanofluids consist naturally of water or thermal oil mixed with 
nanoparticles to obtain increased performance. The nanoparticles made 
of Al2O3, Fe, CuO, Cu, Al, Ag, TiO2, and SiO2 are the most used in sci
entific experiments. The term nanofluid is practiced for the first time. By 
the scientist Choi 1995, nanofluids are considered more conducive to 
heat than ordinary fluids. Early understanding of nanofluids associated 
that one of the most important properties of nanofluids is the thermal 
conductivity, hence their importance in experiments awaiting the 
transition to where the transition to heat. 

Katleh et al. [165] examined several water-based nanoparticles, 
Al2O3, CuO, Ag, and TiO2, filled in a square enclosure heated by a 
centered triangular cylinder and cooled from the right and top walls. 
The top wall moves to the right to induce effective mixing inside the 
enclosure. The governing equations were solved using the finite differ
ence method. Oscillating problems arising from the pressure gradient 
term were overcome by transforming the equations to stream 
function-vorticity formulations. Brinkman model was adopted for the 
viscosity, while the thermal conductivity was predicted using the Patel 
model, which is proven experimentally and to consider the Brownian 
motion and the size of the nanoparticles. All types of the examined 
nanoparticles showed the positive role of nanofluid accompanying the 
friction-driven flow at the top of the enclosure. The Ag nanoparticles 
gave the highest Nusselt number, while TiO2 nanoparticles were the 
worst. Smaller size nanoparticles augment Nusselt numbers better than 
big ones. They did not explain the main cause of this effect; however, it 
refers to the easy Brownian motion of the small nanoparticles. 

Chatterjee et al. [166] studied the roles of passive nanofluid and the 
active moving boundaries on heat convective in a cavity. The moving 
boundaries were the cold top wall and an inner adiabatic cylinder that 
rotates counter-clockwise in a sense opposite the top wall’s movement. 
The nanofluid was copper nanoparticles-water based, but the investi
gated volume fraction exceeded the dilute limit of Brinkman and 
Maxwell-Garnet models, i.e., they set it up to 20%, which predicts 
overestimated properties. They used the FLUENT package to solve the 
problem. The nanofluid augments the convective heat transfer and re
duces the drag coefficient. The drag coefficient rises when the moving 
top wall and the rotating cylinder are in opposite directions. As can be 
expected, the rotation of the adiabatic centered cylinder played an 
adverse action on the Nusselt number; however, the authors did not 
include any comments about this remark. We are sure that the opposite 
motions of the top wall and the rotating cylinder produced competed for 
actions that resulted in a perturbed streamline. 

Nevertheless, we wonder why the authors did not examine a 
consistent boundary motion. This wonder was removed with the study 

of Selimefendigil and Oztop [167], where they considered the cylinder’s 
clockwise rotation, i.e., making an aiding motion of the moving 
boundary. As expected, the Nusselt number is significantly gained in this 
sense. They also included the externally applied magnetic field as a 
control tool for the heat transfer inside the cavity. Selimefendigil and 
Oztop [167] restricted their tests within the plausible limit of the vol
ume fraction of nanoparticles of the Brinkman and Maxwell-Garnet 
model, i.e., 5% as a maximum volume fraction. The numerical appli
ance was the finite element method. 

In their problem, Boulahia et al. [168] categorized two cases of 
lid-driven cavity including two hot triangular cylinders; namely, the 
bottom insulated walls move in either positive or negative x-directions. 
The vertical walls are kept cool while the top wall is also insulated and 
moves in a positive (right) direction. Amongst the three types of nano
particles considered, Copper gave the highest Nusselt number while 
Titanium oxide was the worst. However, these two nanoparticles were 
not so deviate from the results of Alumina. The smaller the diameter of 
nanoparticles was demonstrated to be, the higher the Nusselt number. 
No significant variations were observed when the direction of the 
moving base was reversed. Alsabery et al. [169] formulated a problem 
regarding the entropy generation and convective heat transfer inside a 
cavity with wavy walls containing a rotating active cylinder. The cavity 
is filled with alumina-water nanofluid. The nanofluid is heated up 
isothermally from a segment centered in the base of the cavity while the 
wavy vertical walls are cooled isothermally. The Corcione model was 
adopted for the two main nanofluid properties: thermal conductivity 
and viscosity. The finite element method was used in the numerical 
analysis. Their results were focused on the entropy generation, where 
the rotation of the cylinder inferred the friction irreversibility. They 
found that the rotation of the cylinder is useless for high Rayleigh 
numbers; otherwise, unclear relation between the cylinder rotational 
speed and the other parameters. The waviness of the vertical walls in
duces many weak vortices. Thus, the friction irreversibility decreases 
compared with the thermal one. The volume fraction of the alumina 
raises the Nusselt number with an ignorable impact on the entropy 
generation. 

Boulahia et al. [170] considered the obstruction effect of a cold 
cylinder centered inside a vented cavity. The base of the cavity heats up 
the nanofluid isothermally. The cold nanofluid enters the cavity from a 
port centered in the left vertical wall, while it leaves the cavity from a 
port located in the right vertical wall. Three locations of the outlet port 
were inspected. Unlike the bottom wall and ports, the walls are kept 
insulated. The volume fraction and Richardson number were studied for 
each outlet location with the aid of the finite volume method and the 
Corcione moles of nanofluid. It can be drawn from their results that 
when the outlet port is located in the upper or middle of the right wall, 
the role of nanoparticles scales down for weak and moderate natural 
convection. Locating the outlet port at the lower part of the right wall 
gives the best heat transfer. Hussein et al. [171] considered the 
CuO-water nanofluid in a trapezoidal cavity packed by a lower porous 
layer covered with regular fluid. A circular insulated cylinder is placed 
at the midline of the interface and rotates counterclockwise. The bottom 
of the cavity is wavy, and it heats up the domain isothermally. The side 
walls are adiabatic, while the top wall extracts the heat by cooling it 
with a constant temperature. The authors chose the primitive 
Maxwell-Garnett and Brinkman formulas to predict thermal conductiv
ity and viscosity. They implemented COMSOL Multiphysics to solve the 
governing equations. Authors found common trends of increasing Nus
selt number with the nanoparticles volume fraction, Darcy number, and 
cylinder rotational speed. While the effect of the rotating cylinder was 
much appreciated in the regular layer, the height of the porous layer 
weakens the convective heat transfer. 

Thakur et al. [172] described the mixed convection of Cu-water 
nanofluid filled in a square cavity involving an isothermal hot circular 
cavity with all sides being cold. The top side moves in the positive 
x-direction. They inspected limited parameters: the volume fraction, 
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Reynolds, and Grashof numbers. The appliance of their investigation 
was the Galerkin finite element method, and the nanofluid properties 
were interpreted using primitive models. The augmentation of the 
Nusselt number due to the Reynolds and Grashof numbers is much 
higher than that due to the addition of nanoparticles. It was reported 
that the effect of the nanoparticle to increase the heat transfer is 
decreased with rising the Reynolds and Grashof numbers. Jamal and 
Hussain [173] extended the problem of an inner rotating cylinder with a 
moving wall, which has been studied previously in several works, by 
considering a water-based hybrid nanofluid consisting of multi-walled 
carbon nanotube (MWCN)–iron oxide. To make their work different 
from others, they considered three different boundary conditions on the 
rotating cylinder: hot, cold, and adiabatic. Primitive Brinkman and 
Maxwell-Garnett relations with the mixing rules were adopted for 
nanofluid properties. The simulations were conducted using the Galer
kin finite element. Their conclusions show no distinct fashion regarding 
the hybrid nanofluid compared with regular nanofluids. However, when 
the cylinder rotates incompatible with the top wall movement, higher 
Nusselt numbers were recorded. 

The convective heat transport and produced entropy were studied by 
Ishak et al. [174] when they varied the size and placement of an active 
circular cylinder inside a trapezoidal cavity. The base is heated 
isothermally, the top wall is moving and cooled isothermally too, while 
the side walls are kept adiabatic. Alumina-water nanofluid is used to fill 
the cavity, and the Corcione model is used to predict its characteristics. 
Galerkin finite element technique was used to solve the conservation 
equations. Their results showed an increase in the convective heat 
transfer and entropy generation with the addition of the alumina 
nanoparticles. The size and location of the inner cylinder was the most 
dominant parameter affecting the heat transport and the entropy within 
the cavity. Ali et al. [175] conducted a numerical simulation on a 
triangular shed-shaped enclosure involving two adiabatic rotating cyl
inders saturated with alumina-water nanofluid. The source of the heat is 
a rectangular segment placed in three different locations at the base of 
the enclosure, and the shed walls are cooled isothermally. For the sake of 
control, a magnetic field is applied transversely. The adopted thermal 
conductivity model considers the high-speed motions of nanoparticles 
formulated by adding a dynamic term to the primitive Maxwell-Garnett 
model. The viscosity was modeled based on a polynomial relation (Pak 
and Cho). The governing equations were analyzed via the finite element 
method available in Comsol Multiphysics software. They reported a 
significant heat transfer increase by increasing the rotational speed and 
localizing the heat source at the corner of the enclosure. They reported a 
considerable percentage augmentation of the Nusselt number when 
raising the volume fraction to 5%. 

A suppression role of the magnetic field upon the fluid circulation 
and heat transfer was observed. Shirani and Toghraie [176] solved the 
mixed convection and the entropy generation in an enclosure involving 
several objects. These are; a square porous zone confined in the center of 
the enclosure; four circular cylinders within the porous zone rotate in 
the same harmonic fashion. A copper-water nanofluid saturates the fluid 
and porous zones. The Maxwell-Garnett and Pak and Cho models were 
adopted to predict the thermal conductivity and the viscosity, respec
tively. The source of heat transfer was a hot base and cold top wall, 
moving to the right. The problem was solved using the finite volume 
method. Distinct results were found in their study: Nusselt number 
elevated with decreasing Darcy and Richardson numbers. They also 
highlighted that the porosity has no decisive impact on the Nusselt 
number, and an increasing permeability, the impact of the four-cylinder 
harmonic rotation is more apparent. The role of the nanoparticles was 
positive, where for a certain circumstance, setting the volume fraction at 
3%, the Nusselt number rises to 30%. 

4. Natural and mixed convection in enclosures with inner 
bodies (two-phase nanofluid model) 

With the growing importance of nanofluids, more attention has been 
paid to discovering the mechanism of the suspension of nanoparticles 
within the base fluid. One of the most plausible explanations for such a 
mechanism is considering the nanoparticles and the base fluid as a 
separated phase. This model, which Buongiorno developed in 2006 
[177], confirmed that the heat transfer could not only be enhanced by 
thermal conductivity but also due to the slip mechanism between the 
nanoparticles and the base fluid. Specifically, Buongiorno quoted two 
important mechanisms of the slip velocity: the Brownian motion, which 
originates from the random collisions between the molecules of the base 
fluid and the nanoparticles, and the thermophoresis, which results from 
the diffusion of the nanoparticles due to the temperature gradient. Four 
equations are to be solved to deal with such a model. Thus, it requires 
more computational effort. However, as we will see in the following 
reviews, researchers were aware of doing their studies within the 
laminar region as the Brownian motion diminishes in the existence of 
turbulent interferences. 

Malvandi and Ganji [178] considered two thermal boundary condi
tions for the alumina-water nanofluid flow in a horizontal annulus with 
a moving core. The first set is a heat flux on the outer cylindrical wall 
and an insulating inner moving one. This arrangement of the boundary 
conditions is reversed in the second set. The study was restricted to the 
fully developed region. Thus, they transformed the governing equations 
into differential ones and used the Runge-Kutta-Fehlberg scheme. They 
concluded that the thermal boundary conditions strongly affect the 
nanoparticles’ migration. When the moving core is heated, the mo
mentum affects the concentrated nanoparticles there and then contrib
utes to notable heat transfer enhancement. They also observed that 
lowering the ratio of Brownian to thermophoretic diffusivities leads to 
deforming the uniform distribution of the nanoparticles. 

Alsabery et al. [179] adopted Buongiorno’s model for inspecting the 
migration of alumina nanoparticles in water base fluid filling a square 
cavity, including a square conductive body. Corcione’s empirical re
lations were implemented to predict the viscosity and thermal conduc
tivity. Opposite movements and different temperatures were set on the 
horizontal walls. Their numerical results, which are collected using the 
Galerkin finite element method GFEM, showed that the nanoparticles 
concentrate around the inner square solid because it acts as a core of the 
weak roll. The nanoparticles are also concentrated because of thermo
phoresis diffusion close to the moving upper cold wall. This migration of 
nanoparticles conveys the energy between different zones of the cavity. 
They showed that in the case of low Reynolds number and high 
Richardson number, the alumina nanoparticles act adversely in trans
mitting the energy as the size of the block does. The block’s location 
plays a notable role in controlling the friction effect of the moving walls. 
Using the same model and the numerical code, Hashim et al. [180] 
investigated the existence of the square conductive block inside a cavity 
that comprises a wavy vertical cold wall with a local heat source at the 
bottom wall. The hot natural convection rising from the local heat 
source and hitting the lower side of the inner block reduced the con
centration of nanoparticles on this side. In contrast, contrariwise, the 
other sides exhibit higher concentrations. They assigned more unifor
mity of nanoparticles at a higher Rayleigh number, which significantly 
raises the Nusselt number. 

Alsabery et al. [181] continued with the model mentioned in Refs. 
[179,180], but the source and sink of heat are segmentally set on the 
vertical walls and a central circular cylinder. They noticed a reduction in 
the zones of high nanoparticle concentration as the size of the cylinder 
increases, while more uniformity is highlighted as its thermal conduc
tivity increases. The nanoparticles enhance the heat transfer signifi
cantly at a low Rayleigh number. In another case, Alsabery et al. [182] 
developed the problem to involve the mixed convection arising from 
rotating the inner cylinder and maintaining it at a constant hot 
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Table 5 
Natural and mixed convection in enclosures with inner bodies (Two-phase nanofluid model).  

Authors Geometry Solution method and used models Results and remarks 

Malvandi and Ganji [178] Runge-Kutta-Fehlberg scheme 
formulated using FORTRAN. 
Corcione & Buongiorno’s model 

Nanoparticle movement is greatly influenced by thermal boundary 
conditions. Lowering the ratio of Brownian to thermophoretic 
diffusivities disturbs the uniform distribution of the nanoparticles. 

Alsabery et al. [179] with 
permission from Elsevier 

Galerkin FEM. 
Buongiorno’s model & Corcione 
model 

The nanoparticles concentrate around the inner square solid and close to 
the moving upper cold wall. This migration of nanoparticles conveys the 
energy between different zones of the cavity. 

Hshim et al. [180] with 
permission from Elsevier 

Galerkin FEM. 
Buongiorno’s model & Corcione 
model 

Except for the lower side of the inner block, the concentration of 
nanoparticles concentrates along the other sides of it. More uniformity of 
nanoparticles is assigned at a higher Rayleigh number, which 
significantly raises the Nusselt number. 

Alsabery et al. [181] with 
permission from Elsevier 

Galerkin FEM. 
Buongiorno’s model & Corcione 
model 

The zones of high nanoparticles concentration dwindle as the size of the 
cylinder increases, while more uniformity is highlighted as its thermal 
conductivity increases. The nanoparticles enhance the heat transfer 
significantly at a low Rayleigh number. 

Alsabery et al. [182] with 
permission from 
Springer Nature 

Galerkin FEM. 
Buongiorno’s model 

The nanoparticle’s distribution is uniform for the motionless inner 
cylinder while they concentrate in the left half of the rotating cylinder. 
For higher speed, a localized high concentration of nanoparticles and a 
strong source of entropy generation zone are seen on the left side of the 
cylinder. 

Re-plotted from Barnoon 
et al. [183] 

Finite volume method. 
Buongiorno’s model & Maxwell 
and Brinkman’s model 

The isothermal cold boundary of the rotating cylinders is better in heat 
exchange than the adiabatic one. An important role of the existence and 
the speed of rotating cylinders in enhancing the heat transfer. The 
magnetic field suppresses the rate of entropy generation. 

Alsabery et al. [184] Galerkin FEM. 
Buongiorno’s model & Corcione 
model 

Higher concentrations of the nanoparticles were collected close to two 
zones; these are the left upper corners of the cavity and the triangular 
solid. They concluded that the magnetic field enhances the Brownian and 
thermophoresis diffusions. However, no clear conclusion was made 
about the magnetic field impact on the average Nusselt number. 

Re-plotted from Zadeh 
et al. [185] 

Galerkin FEM. 
Buongiorno’s model & linear 
viscosity and linear thermal 
conductivity 

The concentration of the nanoparticles elevated with increasing the size 
of the two solids, which boosted the Nusselt number. The cold vertical 
wall shows a higher concentration zone. 

(continued on next page) 
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temperature while the vertical walls are maintained at a cold tempera
ture. They took into their computation the generated entropy due to heat 
transfer and fluid friction irreversibility. Their results showed that the 
nanoparticle distribution is uniform for the motionless inner cylinder. At 
the same time, they concentrate on the left half of the cylinder surface 
when the cylinder rotates at moderate speed. For higher speed, a 
localized high concentration zone is seen on the left side of the cylinder. 
This collection of the nanoparticles resulted from the opposite actions of 
the natural convection and the friction force of the counterclockwise 
rotation of the cylinder. The entropy generation was seen in the higher 
concentration nanoparticles’ zones, which implies the friction 
irreversibility. 

Barnoon et al. [183] considered the mixed convection and entropy 
generation in a square cavity involving two rotating cylinders localized 
at two opposite corners of the cavity. The bottom wall is isothermally 
heated, while the top wall is considered cold and moving to the right. A 
magnetic field is applied from below while several inclinations of the 
whole cavity are considered. The finite volume method was imple
mented in the solution, and primitive Brinkman and Maxwell relations 
to predict the viscosity and thermal conductivity were adopted, 
respectively. Buongiorno’s model was adopted for thermal and random 
diffusions. Two conditions on the rotating cylinders have been tested. 
The isothermal cold boundary offered better heat exchange than the 
adiabatic one. They indicated an important role of the existence and the 
speed of rotating cylinders in enhancing the heat transfer. The magnetic 
field suppresses the rate of entropy generation. 

Alsabery et al. [184] imposed the conjugate heat transfer by injecting 
the energy through a triangular solid fixed at the left lower corner of a 
square cavity with an upward-moving right vertical wall, which is kept 
at a cold temperature. The whole domain is subjected to a magnetic 
field. The slip assumption and nanofluid relation are the same in his 
works [179–183]. Due to the counter-rotating rolls inside the cavity, a 
higher concentration of the nanoparticles was collected close to two 
zones; these are the left upper corners of the cavity and the triangular 
solid. An increase in the migration of the nanoparticles was observed 
with the augmentation of the magnetic field. Thus, they concluded that 
the magnetic field enhances the Brownian and thermophoresis diffu
sions. However, no clear conclusion was made about the magnetic field 

impact on the average Nusselt number. 
It has been shown that natural convection may occur in a square 

cavity when two conductor triangular solids are placed at the bottom 
and top of it, respectively, by Zadeh et al. [185]. Both of the vertical 
cavity walls were differentially heated. The properties of the viscosity 
and the thermal conductivity of nanofluid were taken as linear varia
tions according to the benchmark study of Buongiorno [186]. The cal
culations were achieved by Galerkin FEM. The concentration of the 
nanoparticles was elevated by increasing the two solids’ size, which 
boosted the Nusselt number. The cold vertical wall shows a higher 
concentration zone. 

Alsabery et al. [187] modified the square cavity involving a rotating 
conductive cylinder by undulating the hot vertical wall while keeping 
the other vertical wall cold and flat. Following their numerical code, 
they implemented the Galerkin FEM and Buongiorno’s model with 
Corcione correlations for the viscosity and the thermal conductivity of 
the alumina-water nanofluid. They revealed that the undulation nature 
of the hot wavy wall leads to trapping nanoparticles along the un
dulations, which restricts energy transport. Therefore, the Nusselt 
number was a decreasing function of the number of undulations. Indeed, 
the concentration of nanoparticles follows a random behavior with the 
size of the rotating cylinder. As a result, there was no clear relation with 
the heat transfer. However, concerning the wavy wall, the counter
clockwise rotation offered the best heat transfer than the clockwise 
rotation. 

Alhashash [188] is considered a porous square enclosure saturated 
with alumina-water nanofluid and involving an adiabatic circular cyl
inder. A segmental heater is assumed to occupy a portion of the surface 
of the cylinder. All the external walls of the enclosure were cooled at a 
constant temperature. The Galerkin FEM and the assembly models of 
Buongiorno’s and Corcione were adopted. The indicated results showed 
that the nanoparticles concentrated highly along the heated portion. The 
heat transfer rate drops with increasing the size of the cylinder, and the 
worst heat transfer rate was recorded when the heated portion occupies 
one-fourth of the cylinder surface. Al-Kouz et al. [189] implemented the 
set of Buongiorno’s and Corcione to simulate the mixed convection in
side a wavy vertical walled cavity with an adiabatic rotating cylinder. 
The cavity is differentially heated and subjected to a transverse magnetic 

Table 5 (continued ) 

Authors Geometry Solution method and used models Results and remarks 

Alsabery et al. [187] Galerkin FEM. 
Buongiorno’s model & Corcione 
model 

The wavy hot wall leads to trapping nanoparticles along the undulations, 
and this restricts the transport of energy; thus, the Nusselt number 
decreases with the number of undulations. There was no clear relation 
between the size of the inner cylinder and the heat transfer. However, 
with respect to the wavy wall, the counterclockwise rotation offered the 
best heat transfer than the clockwise rotation. 

Alhashash [188] Galerkin FEM. 
Buongiorno’s model & Corcione 
model 

The nanoparticles concentrate along the heated portion. The heat 
transfer rate drops with the size of the cylinder, and the worst heat 
transfer rate was recorded when the heated portion occupies one-fourth 
of the cylinder surface 

Al-Kouz et al. [189] Galerkin FEM. 
Buongiorno’s model & Corcione 
model 

Nusselt number decays with the waviness of the vertical walls, which is 
mainly due to the high concentration of nanoparticles. The 
counterclockwise rotation of the cylinder showed better heat transfer 
than the opposite rotation. The heat transfer is the main cause of raising 
the thermodynamic irreversibility (see Table 5).  
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Table 6 
Correlations of the average Nusselt number and some physical properties.  

Authors Geometry Conditions Relations 

Chiu and Chen [20] For centered cylinders: Nu = 0.210Ra0.240 

For eccentric (upper) cylinders: Nu = 0.267Ra0.209 

For eccentric (lower) cylinders: Nu = 0291Ra0.211 

Ekundayo et al. [25] For Ra = 105, X = x/350 = 0.5: where * stands for 
centered heater 

Nu
Nu∗

= 0.34+ 17Y − 57Y2 + 46.4Y3 − 35Y4 

For Ra = 105, X = x/350 = 0.9: Nu
Nu∗

= 1 − 8Y+ 36Y2 − 54Y3 + 26Y4 

Lee et al. [96] κ, κ1, κ2 and n are complicated functions to the 
dimensions of the enclosure L and W. 

Nu = κ1 + (κ2 − κ1)
Ran

κ + Ran 

Alomar et al. [99] Ra* (100–1000), Fs/Pr*(10− 4 –10− 2), H (0.1–100) 
and Kr(0.1–100) Nu = 0.217928(Ra∗)

0.370329 
×

(
Fs
Pr∗

)− 0.49392
× (H)

0.00347
×

(Kr)0.100337 

Morshed et al. [121] Case I: The blockages are horizontally aligned Nu = 0.3738× Re1.1161Ri0.0021 

Case II: The left blockage at the lower left corner 
while the right one at the upper right corner 

Nu = 2.5741× Re0.0412Ri0.0363 

Case III: The left blockage at the upper left corner 
while the right one at the lower right corner 

Nu = 2.5549× Re0.0460Ri0.0448 

Gangawane and 
Manikandan [122] 

For constant wall temperature 

Nu = e

[
8.036 × 10− 6Gr+

7.848 × 10− 3 Pr − 6.932 × 10− 4Re + 1.073

]

For constant heat flux 

Nu = e

[
9.740 × 10− 6Gr+

6.721 × 10− 3 Pr − 3.925 × 10− 4Re + 1.187

]

Rahimi et al. [3] For φ = 2%, the viscosity is: μ = 4.8547 − 0.0691T+ 0.0003T2 

For φ = 2%, the thermal conductivity is: k = 0.4421 − 5× 10− 5T+ 10− 5T2 

Ali et al. [175] 1 ≤ Re ≤ 100 
0 ≤ Ha ≤50 

Nu = 5.79852827+ 0.18435936Re − 0.09842105Ha 

1 ≤ Re ≤ 100 
0% ≤ φ ≤ 5% 

Nu = 2.4925926+ 0.1888188Re+ 0.6416667φ  

A.I. Alsabery et al.                                                                                                                                                                                                                              



Renewable and Sustainable Energy Reviews 183 (2023) 113424

25

field. Their tool of computation was the Galerkin FEM. The reported 
results also implicated the drop of Nusselt number with the waviness of 
the vertical walls, which is mainly due to the collection of a high con
centration of nanoparticles. The cylinder’s aiding rotation (counter
clockwise) showed better heat transfer than the opposite rotation. The 
heat transfer was the main cause of raising the thermodynamic 
irreversibility. 

5. Correlations 

The current review has revealed little attention in the correlations of 
heat transfer. The reason may be attributed to that the authors focused 
on the correlations of the thermophysical properties. As such, few papers 
considered the correlations the average Nusselt number with various 
parameters. Table 6 summarizes most of the available correlations of the 
Nusselt number. The effort of Rahimi et al. [144], which focused of 
correlating the viscosity and the thermal conductivity with the tem
perature is also presented in the table. 

6. Summary and conclusions 

This review focuses on the natural and mixed convection in cavities, 
including solid inner bodies. The review included two types of working 
fluids that fill the cavities, namely regular and nanofluids. Because they 
give distinct explanations for the nanoparticle’s role, we distinguished 

between the single-phase and two-phase models. Accordingly, the re
view is divided into three main sections, and the works are reviewed 
chronologically. The review has triggered the following conclusions.  

1. The present review has revealed a large number of studies regarding 
the cavity, including an inner solid, rotating or fixed, adiabatic or 
thermally conductive, filled with regular and nanofluids. This em
phasizes the importance of such geometry in simulating the heat 
exchanges, cooling ingots, or controlling the heat transfer. However, 
amongst these huge studies, we identified that 34% of these have 
considered nanofluids. Regarding the nanofluids studies only, about 
19% of these have adopted the two-phase Buongiorno’s model, even 
though it gives an actual description of nanoparticles’ diffusion. 
Figs. 4 and 5 portray statistical details of the percentages ratio of 
various studies. We think that the extra numerical efforts are the 
main reason behind the aversion of researchers to this model. 

2. In general, studies investigating a vented cavity filled with nano
fluids and involving an inner block are very scarce. This refers to the 
toxicity nature of nanofluid, which necessitates the use of a closed 
system.  

3. The rotation of the inner cylinders becomes useless when the natural 
convection is dominant, i.e., at higher Rayleigh and Grashof 
numbers. Moreover, the rotation gives rise the frictional 
irreversibility.  

4. Nanoparticles concentrate along the surface of the inner blocks. Thus 
the larger sizes of inner blocks decline the heat transfer in most 
reviewed studies.  

5. Most of the studies regarding the two-phase Buongiorno’s model 
have used alumina nanoparticles (Al2O3) based water. This is 
because Buongiorno [169] established most of his pioneer models 
based on alumina-water nanofluid.  

6. Based on Buongiorno’s model, we do not recommend the wavy- 
walled cavities because the nanoparticles concentrate on the hori
zontal segments of the undulations and consequently lower heat 
transfer exchange. 
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