
P
os

te
d

on
A

ut
ho

re
a

22
Fe

b
20

20
|C

C
B

Y
4.

0
|h

tt
ps

:/
/d

oi
.o

rg
/1

0.
22

54
1/

au
.1

58
23

97
85

.5
37

48
73

5
|T

hi
s

a
pr

ep
ri

nt
an

d
ha

s
no

t
be

en
pe

er
re

vi
ew

ed
.

D
at

a
m

ay
be

pr
el

im
in

ar
y.

Magnetohydrodynamic convection behaviours of nanofluids in
non-square enclosures: A comprehensive review

S.O. Giwa1, M. Sharifpur1, Mohammad Hossein Ahmadi2, and Josua Petrus Meyer1

1University of Pretoria
2Shahrood University of Technology

May 5, 2020

Abstract

Nanofluid as a special thermal transporting medium has recently received unprecedented attention due to its improved heat
transfer performance compared to conventional fluids. Numerous researches have been conducted on the natural convection
characteristics of different nanofluids in various configurations of cavities due to the important applications of natural convection
in environmental, petrochemical, medical, aviation and space technology, industrial and many more areas. The emergence of
a magnetic field as a tool for the manipulation of convective flow and heat transfer behaviours of nanofluids in non-square
enclosures has been extensively reviewed. The influence of several variables such as controlling parameters, heat distribution
methods, thermal and concentration boundary conditions, magnetic field types, numerical methods, correlation types, nanofluid
types, heaters types, numbers and length, and slip conditions, etc., on the magnetohydrodynamic (MHD) natural convection
flow and heat transfer behaviours of nanofluid in non-square cavities has been given great attention and brought to the spotlight
for discussion. The concepts of bioconvection, micro-polar nanofluid, bio-nanofluid (green nanofluid), ionic nanofluid, and hybrid
nanofluid have also been discussed for the first time in relation to natural convection. Special cases of MHD natural convection in
non-square cavities involving hybrid nanofluids and micro-polar nanofluids are also presented herein. The application of several
numerical methods (which is the major approach studied so far) to investigate the hydromagnetic behaviours of nanofluids in
non-square cavities is the focus of this work.

1.0 Introduction

The advent of nanofluids as coined by Choi [1], which is formulated through the dispersion of nano-sized
materials (metals, non-metals, polymers, etc.) into based fluids (traditional and non-traditional fluids) has
led to extensive research in the field of heat transfer. The huge demand for an effective and efficient thermal
management due to the high quantum of heat required to be dissipated quickly from local points within
various state-of-the-art devices, machinery, and systems has been a tall call long before now. This can be
attributed to the low thermal conductivity of conventional working fluids and reaching of their threshold
limits for the existing techniques of heat dissipation such as miniaturisation, surface extension (fins and
micro-channels) and modification [2,3]. It has been proposed and researched that improving the thermal
properties - especially thermal conductivity - of conventional working fluids can be a possible means of
enhancing heat transfer and thus, better thermal management [4–11].

Nanofluids have been widely accepted as special fluids with inherent properties for improved thermal man-
agement compared to conventional fluids. The high surface-to-volume ratio of nanoparticles contained in
nanofluids is responsible for the improved thermo-physical properties compared to the base fluids [11]. Pio-
neering studies on the convective heat transfer and flow engaged the dispersion of micro-sized and nano-sized
particles in conventional fluids and they reported that nanofluids yielded improved convective flow and heat
transfer without serious drawbacks for nanofluid in comparison to micro-particles fluids [12,13]. Also, the
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enhancement in the convective heat transfer and flow properties of nanofluids have been linked to the en-
hancement of the thermal conductivity.

Natural convection is an important means of flow and heat transfer that is induced by density variation
(buoyancy) subject to a temperature gradient. Heat transfer and flow performance of nanofluids in cavities
under natural convection are of great importance in various areas of application, especially, when the induced
thermal flow is preferred at lesser power consumption, high system reliability, and insignificant operating
noise [14]. Natural convection heat transfer and flow in cavities have several environmental and engineering
applications such as molten metal purification, nuclear and chemical reactor coolers, food storage, heat
exchangers, electronic systems, cooling, space technologies, insulation of building and thermal systems,
petroleum and petrochemical industries, etc.

Several studies have been conducted on the natural convection of diverse nanofluids contained inside several
shapes of enclosures and exposed to several thermal and boundary conditions [15–25]. The pioneering study
on the natural convection of nanofluids in cavities was first reported by Khanafer and Co-workers [26] in
2003, in which a numerical method was engaged to examine the natural convection of Cu-water nanofluid in
a square cavity. Thereafter, numerous studies have engaged several shapes of cavities, nanofluids, thermal
and concentration boundary conditions, numerical techniques, controlling parameters, etc., to investigate
the natural convection characteristics in the respective cavities. For studies in this regard, various configura-
tions of cavity have been considered, namely; square [16,17,20,27], rectangular [28], C-shaped [21], U-shaped
[29], L-shaped [30,31], triangular [32,33], open [34], half-moon shaped [23], cylindrical (ellipsoidal and cir-
cular) [35,36], semi-annulus [37], trapezoidal [25], concentric annulus [38], rhombic [39], hemispherical [40],
parallelogrammic [41], T-shaped [42], Γ [43], calabash-shaped [44], torus [45], semi- and quarter-circular
[46,47], partitioned [48], complicated [49] and odd-shaped [50]. The most studied of the enclosures are the
square-shaped while the most investigated thermal boundary condition is the two-dimensional isothermal
differential heating of the vertical walls with adiabatic horizontal walls [14,27].

Furthermore, the insertion of obstacles of various shapes and the use of porous media in the cavities containing
nanofluids have been explored as possible control measures to improve convection flow and heat transfer
[31,33,52–54]. They revealed that heat transfer was enhanced using these controlling parameters. A critical
observation of the studies showed that numerical methods were mostly employed with very few works using
experimental and theoretically methods [55].

To enhance the thermophysical properties of nanofluids and consequently improving the natural convective
heat transport and flow, different types of nanofluids have been utilised to investigate the natural convection
characteristics in various cavities under several thermal boundary conditions for some controlling parame-
ters. The thermo-convection behaviours of hybrid, ionic, bio-based, and micropolar nanofluids have been
numerically investigated in cavities by some researchers [52,56–63]. Interestingly, the concept of bioconvec-
tion as first reported by Kuznetsov [64] has also been extended to studies (numerical) on natural convection,
and in this case, both nanofluids and micro-organisms were employed in cavities [65,66]. A very close ob-
servation of published works in the public domain on the natural convection of nanofluids revealed research
evolution following the trend of thermo-convection to thermomagnetic convection and not in too distant
future, thermoelectric convection and thermomagnetic bioconvection. The present works of Sheikholeslami
and Chamkha [67], Sheikholeslami and Bhatti [68], Khan et al. [69], and Khan et al. [70] bear claims to the
latter.

In view of the emerging research direction on the natural convection of nanofluids in cavities, the benefit of
manipulating convective heat transfer and flow using an external magnetic field is attracting unprecedented
attention. The magnetic field stimulation of nanoparticles to augment the thermo-physical properties and the
consequent improvement of convective flow and thermal transport characteristics in an enclosure is currently
at the forefront of research in this field of study. Publications on the review of hydrothermal behaviours of
nanofluids in cavities are few while a very limited number are carried on the magnetohydrodynamics (MHD)
natural convection of nanofluids in various enclosures. This paper centred on the review of various studies
on the influence of different types, directions, and configurations of magnetic fields on the natural convection
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of nanofluids contained in non-square cavities. The results of heat transfer and flow characteristics of hybrid
nanofluids in non-square enclosures exposed to magnetic fields are also reviewed. To the best knowledge
of the authors, this is the first review paper discussing thermomagnetic convection as related to hybrid
nanofluids.

2.0 MHD natural convection

Great importance is attached to the natural convection transfer of heat in different configurations of cavities
as space limitation is a challenge in the installation of devices, electronic components and machinery [71].
The present paradigm shift in technological advancement has led to the design of magnetic components
and devices such as electronic devices cooling systems, magnetic storage media, and sensors that have high
thermal performance and with non-square configurations [72]. Though MHD was first utilised in solving
geophysical and astrophysical difficulties, it has evolved and attracting so much attention in several areas of
application which include medical, agricultural engineering, petroleum engineering, space technology, nuclear
reactors coolers, electronic components’ cooling, geophysics, manufacturing (eg. MHD flow meter and pump),
plasma physics, etc. [73,74]. The numerical approaches involved in the thermomagnetic convection studies
of nanofluids inside cavities are discussed herein with attention focused on the modeling methods, heating
methods, boundary conditions, containment of obstacles, magnetic field type, intensity, and orientation, and
nature of enclosures (shape, porosity, inclination, etc.).

Many numerical works have been performed on the MHD natural convection of nanofluids inside non-square
cavities. An overview of these studies showed the use of different thermal and concentration boundary
conditions, partitioning, various temperature distribution methods, cavity inclination, different types of
heaters, magnetic field types, orientation, and inclination, and various geometries of obstacles in the cavities,
different nanofluid types, permeable media, different visualization methods, flow conditions, and nanofluid
flow nature for investigating hydrothermal behaviours in non-square enclosures. The influence of various
controlling parameters on the MHD convection performance of nanofluids in several non-square cavities has
been reviewed. The numbers of publications (from 2003 to 2019) on the natural convection of nanofluids
in cavities, non-square cavities, and for numerical methods and, experimental and theoretical methods in
non-square cavities are illustrated in Figure 1. The statistics (2011 to date) for the publications on MHD
convection of nanofluids in cavities, non-square cavities and for both numerical and, experimental and
theoretical methods in non-square cavities are depicted in Figure 2. These data are sourced from the
Scopus® database on the 24th of December 2019. Table 1 shows a summary of the previous works conducted
numerically on the hydromagnetic behaviours of nanofluids in non-square cavities in terms of the numerical
technique and approach, nanofluid type and size, type and orientation of the magnetic field, controlling
parameters, visualisation methods, remark, flow condition and nature, cavity description and diagram. In
addition, Table 2 presents the special cases of MHD convection of hybrid nanofluids in non-square enclosures
while Table 3 provides the correlations proposed for the prediction of Nuaveand Sgen in non-square enclosures
under magnetic field stimulation. The classical/theoretical models and experimental-derived correlations used
for the prediction of the thermophysical properties of nanofluids are given in Table 4.

3.0 MHD natural convection in different enclosures (numerical)

3.1 Rectangular cavities

Wang et al. [75] applied the LBM scheme to investigate the natural convection of a non-Newtonian power-law
nanofluid (Cu-water) filled into rectangular cavities with different ARs and subjected to a uniform magnetic
field. The upper and lower sides of the cavity were thermally insulated while the vertical sides (right-cold
and left-hot) were differentially heated. The uniform magnetic field was imposed axially on the right side
of the cavity. Consideration was given to the effects of AR , n , φ , Ha and Ra on the MHD convection.
They noticed that the exposure of the cavity to a magnetic field caused repression of nanofluid flow and heat
transfer rate attenuated as n and Ha increased. Also, an increase in φ and Ra was observed to augment Nu
. Maximum heat transfer enhancement was found at an optimum AR value.

Sheikholeslami and Ganji [76] performed a numerical study (CVFEM) of the effects of A , φ , Ha and Ra
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on the MHD convection of a water-based Fe3O4nanofluid in a rectangular cavity having a sinusoidal vertical
side. The top and bottom sides of the cavity were insulated. The vertical wall (right) was assumed hot while
the left vertical sinusoidal wall was cold. An external magnetic field was imposed vertically upward on the
bottom of the cavity. They observed that theNuave enhanced with A , φ , andRa (at low values of Ra but
the reverse if high) but it degraded with Ha . As the distance between the hot and cold walls reduced (low
buoyancy force) temperature gradient was augmented. In addition, the temperature gradient was noticed to
increase withA , and Ha but it diminished with Ra and φ .

An earlier study using the same cavity as Sheikholeslami and Ganji [76] but with different thermal boundary
conditions, nanofluid and magnetic field point of application was conducted by Sheikholeslami et al. [77].
They employed the CVFEM scheme to investigate the MHD natural convection of a CuO-water nanofluid
contained in a rectangular cavity with a constant heat flux sinusoidal wall. Both the top and bottom walls
of the cavity were kept adiabatic, the left vertical sinusoidal wall was under constant heat flux and the right
vertical wall was assumed cold. KKL correlation was used for thermal conductivity and viscosity estimation
in the model to account for the Brownian motion effect in the nanofluid. Their results were found to be
similar to those reported by Sheikholeslami and Ganji [76] withNuave enhanced as φ , Ra , andA increased
but it attenuated as Ha surged. A correlation was formulated to estimate the Nuave based on the governing
parameters.

Shahriari et al. [78] examined the influence of Ra ,Ha , θ , and φ on the hydrothermal behaviour and
entropy generation of a water-based CuO nanofluid in a wavy-walled rectangular enclosure (inclined) using
LBM technique. The horizontal sides of the cavity were assumed adiabatic, while the left (wavy) and right
vertical sides were sinusoidally heated and sustained at a cold temperature, respectively. A uniform magnetic
field was imposed perpendicular to the left side of the enclosure. Their findings showed the improvement of
Sgen and heat transfer asRa rose and they reduced as Ha augmented. At Ra = 105, the Nu and Sgenwere
noticeable with an increase in φ . For Ra = 105, the Nuave diminished fromθ = 0 to π/3 while Stgen increased
fromθ = 0 to π/4.

Recently, Rahmati et al. [79] analysed the hydromagnetic heat transfer of water-based CuO nanofluid inside
tall rectangular cavities (horizontal, vertical, and inclined) using FVM. The top and right vertical walls of
the cavity were kept hot while the left vertical and bottom walls were maintained at low temperatures. The
cavity was exposed to a magnetic field (horizontal). The influence of Ha , φ , and cavity orientation was
considered. They concluded that at φ = 1% the Nu ave was enhanced by 10.5% – 17.5% for the three cavities
relative to the base fluid, when Ha was increased from 0 – 600. Increasing φ from 1% – 4% was observed to
enhance Nu ave by 1.35% – 4.90% on increasing Ha from 0 – 600. Also, the inclined cavity was noticed to
enhance heat transfer better than the horizontal and vertical cavities. It can be deduced that using φ = 1%
and the inclined cavity as an individual parameter yielded the highest heat transfer.

A rectangular cavity enclosing a porous medium saturated with a water-based Cu nanofluid and under the
influence of an inclined uniform magnetic field was investigated for the natural convection behaviour using
finite difference method (FDM) [80]. Both the horizontal and vertical sides of the cavity were kept at low
temperatures and adiabatic, respectively. The nanofluid was assumed to generate heat at a constant volu-
metric rate. The impact of the external magnetic field, internal generation of heat and pertinent parameters
(Ha ,γ , and φ at Ra = 103) on the natural convection flow characteristics of the enclosure was monitored.
They observed that Nuave was an increasing function of γ while it was a decreasing function of φ andHa
. The maximum stream function value diminished when Hawas increased while the maximum temperature
appreciated with Ha .

It is generally observed that in a rectangular cavity containing nanofluids heat transfer was enhanced with
A , Ra , ?, and γ but it attenuated with Ha . However, heat transfer was noticed to deteriorate with an
increase in ? and the highest heat transfer occurred at optimum values of AR and θ [80]. This is probably
because of the porous media contained in the cavity.

3.2 Circular cavities
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The applicability of circular cavities to the MHD natural convection of nanofluids has been researched.
Sheikholeslami et al. [81] applied the CVFEM technique to study the effect of Mn , φ ,Ha and Ra on the
natural convection performance in a half-circular enclosure containing a water-based Fe3O4 nanofluid in the
presence of a magnetic field source. The outer and inner surfaces of the enclosure were maintained at low and
high temperatures, respectively, whereas the vertical and horizontal surfaces were insulated. The magnetic
field source was located on the outer circular surface of the cavity. The model formulation accounted for
both Kelvin and Lorentz forces. They found that the Nu was enhanced as Mn , φ , andRa increased but
depreciated as Ha increased. It was also noticed that at high Ra , increasing Kelvin forces enhanced heat
transfer whereas increasing Lorentz forces reduced it. The increase in Lorentz forces caused attenuation of
temperature gradient which was enhanced as Kelvin forces increased.

Al-Zamily [82] utilised the FEM technique to analyse the influence of φ , Ha and Ra on the natural convection
of Cu-water inside a semi-circular cavity under an externally applied constant magnetic field. A part of the
bottom wall of the cavity was maintained at a constant heat flux while the other parts were kept thermally
insulated. A part of the cavity (arc center) was sustained at a cold temperature while the rest was maintained
adiabatic. The orientation of the uniform magnetic field was parallel to gravity. This work employed heat
functions along isotherms and streamlines for heat flow visualization. The results indicated the enhancement
of heat transfer as φ and Ra increased, nonetheless, it declined as Ha increased. Also, it was noticed that
the presence of the magnetic field enhanced heat transfer as Ra increased but the reverse is the case as φ

increases. This result was found to be in good agreement with previous studies discussed for rectangular
cavities and half-circular cavity by Sheikholeslami et al. [81].

CVFEM was utilised as a numerical technique to examine the impact ofm , φ , Rd , Da , Ha , and Ra on the
natural convection behaviour in a permeable semi-circular cavity (having a wavy outer surface) containing
a Fe3O4-water nanofluid and subjected to external magnetic source stimulation [83]. The outer and inner
surfaces of the enclosure were at low and high (constant heat flux) temperatures, respectively, while the
bottom surfaces were thermally insulated. The problem formation considered four shape factors for the
nanoparticles and their influence on the thermal conductivity of the nanofluids. In addition, temperature,
magnetic field strength, andφ dependent viscosity correlation and shape factor-related thermal conductivity
correlation were employed in the study. The nanoparticles with the platelet shape (m = 5.7) were found to
yield the highest Nu . The augmentation of Nu as Raand Da increased and its attenuation as Ha surged
was observed.

Using a half-moon shaped cavity (with semi-circular heaters) enclosing Co-kerosene and Fe3O4-water nanoflu-
ids, Mojumder et al. [73] numerically analysed the entropy generation and hydromagnetic behaviour with
the aid of FEM technique. For the enclosure, the outer semi-circular wall was at a low temperature, the
horizontal bottom walls were thermally insulated while the bottom semi-circle walls were heated using the
semi-circular heaters. The role of Ra , γ , Ha , φ and distance between the heaters on the hydromagnetic
characteristics and entropy generation of the nanofluids were carried out. They found that the heat trans-
fer rate was considerably enhanced by increasing heater distance but deteriorated with the magnetic field
influence. At λ = 0.4, the Nu and heat transfer rate was improved, and Sgen was optimised for all γ , Ra,
and Ha values. Furthermore, heat transfer augmentation and Sgenoptimisation were observed when Ra was
high, Ha was low,γ was moderate (45°), all at an optimum φ .

The hydromagnetic behaviour of nanofluids in circular enclosures was generally observed to be associated
with heat transfer augmentation asRa , φ , and Da increased and deterioration withHa . However, the
augmentation of heat transfer was reported at optimal values for Ha , γ, Ra , and φ as reported by Mojumder
et al. [73]. The presence of heaters may be responsible for this observation. More studies are required for
the MHD convection of nanofluids in circular cavities, especially, with magnetic field inclination and porous
cavities since limited works were conducted in this regard.

3.3 Annulus cavities

Various annulus geometries with the imposition of different thermal boundary conditions were studied for
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the MHD convection characteristics of diverse nanofluids contained in them. Sheikholeslami and Ganji
[84] applied CVFEM to examine the natural convection heat and flow of a water-based Fe3O4 nanofluid
in a semi-annulus cavity under the existence of the magnetic field. For the cavity, the horizontal walls
were insulated, the outer circular surface was at a cold temperature while the inner sinusoidal surface was
maintained hot. The magnetic field source was centrally located beneath the inner sinusoidal wall of the
cavity. The influence of Mn ,φ , Ra and Ha were examined. Their findings indicated that increasing φ and
Ra caused the enhancement of Nu which declined when Ha was increased. They observed that at low Ra ,
heat transfer was augmented as Haincreased and Mn reduced but the reverse was the case at highRa values.
Subject to Ra , the influence of Mn on the Nu was noticed to be different.

The impact of Ra , φ, and Ha on the MHD natural convection of water-based Fe3O4 inside a semi-annulus
cavity with a constant heat flux heating was investigated by applying the FEM scheme [85]. The outer
surface of the enclosure was thermally insulated, the horizontal bottom surfaces were at cold temperatures
while the inner surface was under a constant heat flux heating. A non-uniform and radially applied magnetic
field was imposed beneath the inner surface of the cavity. They concluded that increasingRa and φ were
responsible for the augmentation of heat transfer which declined with Ha , and the same relationship was
observed for Nuave .

The effect of an external magnetic field on the thermo-convection heat transfer of Fe3O4-water in an annulus-
type enclosure was studied using CVFEM [86]. The cavity involved a square-shaped cylinder (with walls at
cold temperatures) enclosing a centrally placed circular cylinder with the walls (inner) at constant heat fluxes.
The external magnetic field was applied on top of the enclosure. Parameters considered for the nanofluid
MHD influence were Ra , φ , and Ha . The result showed that the depth of the thermal boundary layer and
the velocity of the nanofluid was enhanced and reduced, respectively, with the application of Lorentz forces.
Also, the heat transfer enhancement of the nanofluid was noticed when the Lorentz force increased. Nu was
found to increase with thermo-convection while it reduced with thermomagnetic convection. The addition
of the nanoparticles was noticed to favour the increase inNu at high Ha and low Ra values. Furthermore,
they developed a correlation to estimate Nu ave usingRa , Ha , and φ as variables.

Sheikholeslami and Co-workers [87] numerically analysed the MHD natural convection in a seemingly similar
cavity as performed by Sheikholeslami and Rokni [86] using the LBM scheme except in the heating method,
type, and point of application of the magnetic field, nanofluid type, and governing parameters. An agreement
was observed between the obtained result for both studies in terms of the relationship of Ha , φ , and Ra to
Nu . This work also demonstrated maximum heat transfer enhancement at Ha = 20 for Ra = 104 and at
Ha > 20 for Ra = 105.

Selimefendigil and Öztop [74] studied the natural convection behaviour in a partitioned annulus (horizontal)
cavity containing CuO-water nanofluid in the presence of an inclined magnetic field using FEM. The partition
in the enclosure was filled with a conductive ring (full) having varied the thermal conductivity and thickness.
The walls of the outer and inner cylinders were maintained at the constant cold and hot temperatures,
respectively. How Kp ,φ , γ , Ha and Ra affect thermo-convection behaviour of the nanofluid in the cavity
for different thicknesses of partition was examined. The result showed that an increase in Ra ,γ (below 45°)
and Kp caused an enhancement of both the Nuave andNuloc(across the inner surface of the cylinder), which
reduced with an increase in Ha . It was noticed that as Kpincreased the mean heat transfer increased. In
addition, φ was found to be directly proportional to Nuave .

A horizontal annulus cavity with an inner triangular cylinder containing an Al2O3-water nanofluid under an
external magnetic field was analysed using LBM [88]. The effect of Brownian motion on the nanoparticles
and that of Ha , φ,and Ra on the natural convection heat transfer was considered in the analysis. The
inner triangular cylinder and the outer circular cylinder were maintained at high and cold temperatures,
respectively. The use of KKL correlations for modeling of thermal conductivity and viscosity of the nanofluid
was reported. They indicated that the enhancement of Nu increased with Ra and decreased withHa . A
correlation relating Nu to both Ra andHa has been developed in this study. Also, the importance of coupling
LBM and double population for the natural convection simulation especially in the curved boundary region
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has been stressed.

Sheikholeslami and Co-workers [89] examined the effect of Ha ,φ , e , Ra , and aec on the MHD natural
convection of a water-based CuO nanofluid contained in an annulus cavity with a hot elliptic cylinder (inner).
The cavity was under the presence of a magnetic field imposed axially from the left side. The outer cylinder
was assumed to be at a cold temperature while the inner elliptic cylinder was sustained hot. Both the KKL
correlation and the Darcy model were incorporated into the numeral analysis. They demonstrated that an
increase in aec andRa enhanced heat transfer, but Nu depreciated withHa and e . At high Ha , the influence
of CuO nanoparticles addition increased as Lorentz forces rose. In addition, they proposed a correlation for
the estimation ofNuave .

With the exposure of a water-based Fe3O4nanofluid contained in an annulus cavity (having a hot inner elliptic
cylinder) to both thermal radiation and magnetic field effects, the natural convection flow and heat transfer
was numerically performed using CVFEM approach [90]. For the enclosure, the outer elliptic cylinder was
at a cold temperature while the inclined inner elliptic cylinder was maintained at a constant heat flux. The
magnetic field was imposed along the x-axis from the left side of the enclosure. The examined parameters
were φ of Fe3O4 nanofluid, Rd , Ha ,ζ and Ra . In the problem formulation, the viscosity was considered
as a function of both temperature and magnetic field strength when a correlation was used. They found
Nu enhancement to be a function of Ra and Rd , which diminished with Ha . Increasing ζ was noticed to
augment the rate of heat transfer. Also, the temperature of the inner wall appreciated with Rd andHa but
degraded with ζ and Ra . A correlation was derived to estimate Nuave . Dogonchi et al. [91] investigated the
hydromagnetic heat transfer characteristics in an annulus (a rhombic cylinder inside a triangular cylinder)
cavity filled with water-based Fe3O4 nanofluid. The inner rhombus-shaped cylinder provided the heating in
the cavity while the walls of the outer triangular cylinder were kept cold. The magnetic field was imposed at
an angle on the cavity. An examination of the impact of Rd , AR , Ha , φ , m , andRa on the heat transfer
carried out. They found that increment inRd , φ , and Ra resulted in the enhancement ofNuave whereas
increasing AR and Hacaused attenuation of Nuave . Again, the platelet with a shape factor of 5.7 yielded
the highest enhancement of heat transfer.

The impact of A , Ha , φ , and Ra on the MHD convection of a water-based Fe3O4nanofluid contained in a
curvilinear cavity was performed by Sheikholeslami and Oztop [92] in which the CVFEM scheme was applied.
The outer (sinusoidal) and inner surfaces of the enclosure were assumed to be at cold and hot temperatures,
respectively, while an external magnetic field was imposed below the inner surface. Their result revealed the
augmentation of heat transfer with A and Haand its deterioration with Ra . Nuave was noticed to improve
with φ increase. They also developed a formula for estimating Nuave . Dogonchi and Hashim [93] examined
free convection in an annulus cavity (rhombus inside the circular cylinder) containing Fe3O4-water nanofluid
and under a magnetic excitation. The outer wavy cylinder and inner rhombus of the cavity were subjected
to constant low and high temperatures, respectively. The magnetic field was applied at an angle to the
cavity. Parameters such as Rd , AR , Ha , φ , m , and Ra were considered. They observed that increasing
Rd ,Ra , and m augmented Nuave while it was detracted as AR and Ha increased. Platelet-shaped (m =
5.7) nanoparticles were noticed to enhance heat transfer better than other shapes.

Recently, Li et al. [94] analysed the MHD heat transfer convection in a sinusoidal annulus cavity filled with
Fe3O4-water nanofluid using the CVFEM technique. Similar to the work of Sheikholeslami and Oztop [92],
the inner cylinder wall of the cavity was subjected to a constant heat flux while the outer cylinder wall was
kept cold. The magnetic field was imposed on the left vertical wall of the cavity. The influence ofHa , Ra
, φ , N , and Rd was considered in the study. Result demonstrated that heat transfer was enhanced asRa
and Rd increased and it attenuated with an increase inHa , and N . In addition, Hajmohammadi et al. [95]
employed single- and two-phase approach to investigate the natural convection heat and flow behaviour of
water-based Cu in an annulus cavity with outer (fixed) and inner (rotary) cylinders that were exposed to a
uniform magnetic field. The surface of the cylinders was maintained at a low temperature while a constant
heat flux was applied on the outer/inner cylinder’s surface. Magnetic excitation was imposed on the axis of
cylinders. The influence of Nbt, Ha , andφ was examined. They reported that Ha has the most effect on
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heat transfer and flow than Nbt and φ . Increasing Ha was observed to reduce heat transfer and the outer
ring shear stress but at Ha > 22, heat transfer and inner ring shear stress were enhanced. At Nbt = 25,φ
= 0.05, and Ha = 20, heat transfer and outer ring shear stress were noticed to reduce by 11% and 86%,
respectively, compared to the case of Ha = 0.

An inclined semi-annulus cavity under an inclined uniform magnetic field containing Cu-water was employed
to numerically analyse the natural convection flow and heat transfer using (DRBEM) and consideringφ , θ

and γ , Ra and Ha [96]. The cavity outer and inner walls were maintained at a cold temperature and under
a constant heat flux, respectively, while the remaining walls were adiabatic. Results indicated a reduction of
heat transfer andNuave as Ha increased but intensified withRa . Nu decreased with Ha as θ reduced. They
concluded that the augmentation of the convection heat transfer and flow in the cavity can be controlled
through θ and γ . The effectiveness and reliability of the DRBEM scheme in this study were stressed, which
agreed with the view stated in previous work [97]. Similarly, a previous study by Sheikholeslami et al.
[98] using the same cavity, boundary conditions, nanofluids, governing parameters but a different numerical
technique (CVFEM), showed that θ andHa at various Ra values can be employed to control heat transfer
and flow behaviours of nanofluids in semi-annulus cavities. Also, the weakening of the velocity flow field
under magnetic field presence caused the declination of Nu and heat transfer.

Sheikholeslami et al. [99] used a permeable semi-annulus cavity containing Fe3O4-water nanofluid and
exposed to both thermal radiation and magnetic field source to numerically (CVFEM) study the thermo-
convection heat transfer and flow. The inclined sides of the cavity were kept adiabatic, while the outer
and inner curved sides were maintained at a low temperature and a constant heat flux, respectively. The
magnetic field was inclined at 45° and imposed on the cavity. The influence of Rd , Ra ,φ , and Mn due to
ferrohydrodynamic, and Ha subject to MHD was considered. They reported the positive effect of φ ,Mn,
and Ra on Nu , which depreciated with Rdand Ha .

Similarly, Sheikholeslami et al. [100] carried out a numerical analysis (CVFEM) of MHD natural convection
on a water-based Fe3O4 nanofluid filled into a porous double sinusoidal-walled semi-annulus cavity under
thermal radiation. The horizontal walls were thermally insulated while the outer and inner sinusoidal walls
were kept at a low temperature and a constant heat flux, respectively. The magnetic field source was centrally
positioned below the inner wall. Viscosity was estimated from a temperature, magnetic field strength and
φ dependent correlation and thermal conductivity were also calculated using a correlation having a shape
factor and φ as functions. The impact of pertinent parameters (Rd , Ha , φ , Ra , Da , and m ) on the
flow and heat transfer were monitored. They demonstrated that the temperature gradient enhanced with
Da and Ra and attenuated with Ha . Increasing Ha was observed to depreciate the heat transfer rate and
nanofluid flow. Maximum Nuwas attained using platelet, cylinder, brick and then spherical-shaped Fe3O4

nanoparticles (decreasing order). Using the pertinent parameters as functions, a correlation was proposed
for predicting Nuave .

CVFEM was applied by Sheikholeslami and Rokni [101] to investigate the effects θ , φ , Ra , Ha and Da on
the MHD natural convection of a water-based Fe3O4 nanofluid inside a permeable annulus cavity with a hot
inner inclined square obstacle. The outer cylinder wall was at a cold temperature while the square obstacle
walls were providing heat at constant heat fluxes. The enclosure was under external magnetic field influence
imposed along the x-axis. A non-Darcy model and a viscosity correlation (as a function of temperature and
strength of magnetic field) were utilised in this study. They proved that Nuave was enhanced with Da , θ,and
Ra , and it diminished with Ha . Heat transfer was augmented as θ rises but depreciated as Ha increases.

A porous semi-annulus cavity encompassing a water-based CuO nanofluid in the presence of a magnetic field
was investigated using CVFEM [102]. The outer elliptical cylinder was kept at a low temperature while the
inner circular cylinder was maintained at a hot temperature. A constant magnitude magnetic field was axially
imposed on the cavity. The impact of φ , Brownian motion, θ , Ra and Ha on the thermo-convection flow and
heat transfer were considered. KKL correlations for viscosity and thermal conductivity were incorporated
into the model formulation to account for the Brownian motion effect. Their results showed a weakening of
temperature gradient as Haincreased, nonetheless, it intensified as Ra and θincreased. The enhancement of
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heat transfer was also observed with a magnetic field rise. The increase in φ and Ra led to augmentation of
Nuave but the reverse occurred when Ha and θ increased. Nuavecorrelation as a function of θ , Ra and Ha
were developed for this study.

With the same nanofluid and a different configuration of the porous semi-annulus cavity to that reported by
Sheikholeslami and Ganji [102], the MHD natural convection was numerically performed by Sheikholeslami
and Shehzad [103] using CVFEM. The outer rectangular-shaped cylinder of the enclosure was at a low
temperature while the inner circular cylinder supplied a constant heat flux. An external magnetic field was
applied axially at the centre of the cavity. The KKL correlation was utilised along with a Darcy model for
the numerical model formulation. The pertinent parameters of Ha ,φ , Ra , and rin were explored. Their
findings indicated the enhancement of Nuave with the rise of Ra , φ and rin , whereas it declined as Lorentz
forces increased. Heat transfer was found to reduce as Ra appreciated. At high Ha values, the addition of
nanoparticles was noticed to be significant. In addition, a correlation was established for the Nuaveestimation
based on the pertinent parameters considered.

Sheikholeslami and Seyednezhad numerically (CVFEM) investigated the natural convection behaviour in
a complex enclosure (having a constant heat flux inner wall) containing a Fe3O4-water nanofluid, which
was under the existence of a non-uniform magnetic field [104]. The horizontal surfaces of the cavity were
insulated, the outer sinusoidal surface was kept adiabatic while the inner semi-elliptic surface was heated
at a constant heat flux. The magnetic field source was located beneath the inner wall of the enclosure.
Correlations outside the classical models were engaged to calculate the viscosity and thermal conductivity
for this study. The influence of Da , Rd , Ra , φ ,m, and Ha on the MHD convection were explored. Their
results showed that an increase in Rd , Da, and Raled to Nu enhancement which declined with Ha and
φincrement. In addition, increasing Ha , Ra and Dawere noticed to enhance heat transfer rate and the
platelet-shaped nanoparticles yielded the maximum heat transfer of all the shapes of Fe3O4 nanoparticles.
A correlation was proposed to calculate the Nuave as functions of the controlling parameters.

Sheikholeslami and Ganji [105] applied CVFEM to study the influence of Ra , Ha , Da and φ on the MHD
convection of a water-based Fe3O4 nanofluid in a porous annulus cavity. The outer and inner (elliptic)
cylinders were maintained at cold and hot temperatures, respectively, while the magnetic field was located
beneath the inner cylinder. They found that heat transfer augmented with Ra , Da, and φ but it detracted
with Ha , which is consistent with the work of Sheikholeslami and Seyednezhad [104], though using a
relatively different cavity and thermal boundary condition. A formula for estimating the average Nuave was
also proposed.

The influence of a magnetic field presence on a porous annulus cavity (with a hot inner rectangular cylinder)
containing a water-based CuO nanofluid was investigated [106]. Both the outer and inner surfaces of the
cavity were sustained at a cold temperature and a constant heat flux, respectively. The magnetic field was
imposed axially on the cavity. The CVFEM scheme was engaged in the work and, KKL and Darcy models
were utilised to account for the Brownian motion effect in porous media. Effects of ζ , φ , Ra and Ha on
the natural convection flow were observed. Their findings revealed the intensification of Nuave with φ andRa
and attenuation with Ha and ζ . In addition, it was observed that heat transfer deteriorated with Ra and
appreciated with Ha and ζ . A correlation was derived to predict Nuave .

Sheikholeslami and Shehzad [107] used a CuO water-based nanofluid contained in a porous annulus cavity
(with an inner elliptic cylinder) exposed to a magnetic field to study the natural convection heat transfer
performance by applying CVFEM and using the two-phase approach. The outer and inner elliptic cylinders
of the enclosure were assumed to be isothermally cold and hot, respectively, while the magnetic field was
axially imposed on the left side of the cavity. The KKL model was utilised to estimate thermal conductivity
and viscosity while the effect of Ha , Ra , ξ , and Nhs was inspected. They showed that the flow was
augmented with Nhs and ξ , and it detracted with Ha . Also, the deterioration ofNuave was observed as ξ

, Nhs , andHa augmented. They formulated a correlation to predictNuave . These results agreed with that
reported by Sheikholeslami and Rokni [108], in which they examined the MHD convection in a relatively
identical cavity with the same thermal boundary conditions, nanofluid (CuO water-based) and controlling
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parameters as this work [107]. A correlation to predictNuave was also developed.

Sheikholeslami and Shehzad [109] used CVFEM to examine the hydromagnetic behaviour of a water-based
Fe3O4 nanofluid contained in a porous annulus cavity (with a hot inner elliptic cylinder). The top and
vertical sides of the cavity were kept at cold temperatures, the lower walls were insulated while the walls
of the inner elliptic cylinder provided heat at a constant heat flux. The non-uniform magnetic field was
radially imposed beneath the inner elliptical cylinder wall. Both the impact of nanoparticles’ shape factors
and controlling parameters (Rd , Ha , Ra , φ , and Da ) were considered. They showed that heat transfer
enhancement was an increasing function of Da and Ra and a decreasing function ofHa . The highest Nu
was attained with nanoparticles having a platelet shape.

Dogonchi et al. [110] analysed the MHD convection in a porous annulus cavity filled with CuO-water
nanofluid exposed to an inclined magnetic field using the CVFEM scheme. The inner rectangular and outer
circular cylinders were kept hot and cold, respectively, while the rest of the cavity was thermally insulated.
The inclined magnetic field was applied on the left side of the cavity. The effect of Ha ,Ra , φ , Da , m , and
γ on the heat transfer was examined. The result demonstrated the improvement ofNu ave as Ra , φ , Da ,
andm increased and as Ha and γ reduced. At Ha = 25 and Ra = 105, heat transfer improved by 16% as φ

increased whereas heat transfer was detracted by 9% whenHa = 0. In addition, the Nu ave was attenuated
by 15% (Ra = 105) when Haincreased from 0 – 25. Change in the shape of the nanoparticles from a sphere
(m = 3) to platelet (m = 5.7) was noticed to result in a 5% Nu enhancement.

The engagement of different types of annulus cavities for the hydromagnetic performance of various nanofluids
showed that heat transfer was majorly augmented with an increase in Ra , φ ,Da , m , Rd , AR , θ, ζ , and
γ , and it deteriorated as Ha increased. However, the reverse was reported for Ha [92], Rd [99], AR [93],
and γ [110] in relation to heat transfer enhancement while maximum heat transfer was recorded at optimum
values for Ha[95], ζ [106], and γ [74]. The research gap observed with the use of this cavity-type was in the
employment of θ,AR , and γ to improve heat transfer.

3.4 Triangular cavities

Different types of triangular cavities were employed in analysing the MHD convection of nanofluids contained
in them. Mahmoudi et al. [111] employed the FVM technique to analyse the MHD natural convection in
a partly-heated (bottom wall) triangular cavity containing CuO-water nanofluid. The vertical and diagonal
walls of the cavity were insulated and maintained at a low temperature, respectively, while a constant heat
flux was suppled at the bottom wall using two heat sources. An external magnetic field was vertically
applied to the cavity. Six cases of partial heating of the lower wall of the enclosure in addition to the
pertinent parameters of φ , Ha andRa were considered. They reported the attenuation of the flow field,
heat transfer, and Nuave as the magnetic field increased. At Ra = 106, the lowestNuave was noticed for high
Ha and the addition of nanoparticle was profound at Ra = 104. The use of a correlation for the thermal
conductivity evaluation in the model other than the classic model was reported.

Rahman and Co-workers [112] performed the natural convection of a water-based Al2O3 nanofluid filled
into an isosceles triangular in the presence of a uniform magnetic field using FEM. The bottom wall of the
cavity was exposed to three thermal boundary conditions at a high temperature and concentration while the
inclined vertical sides were sustained at cold temperatures. The cavity was exposed to an inclined uniform
magnetic field. The influence of thermophoresis and Brownian motion was embedded in the numerical
simulation and the pertinent parameters of γ , Ra andHa were examined. They demonstrated that heat
transfer improved when Ra increased and nanoparticle diameter reduced, whereas it deteriorated as γ and
Ha increased. Furthermore, the uniform heating of the wall was found to be the best mode of heating
because it produced the thickest thermal boundary layer.

FEM with a two-component non-homogeneous model was employed to study the MHD natural convection
heat transfer of Fe3O4-water and Co-kerosene nanofluids enclosed in an equilateral triangular cavity [113].
For this cavity, the inclined faces were kept isothermal and the bottom face was heated at varying non-uniform
temperatures. An inclined magnetic field was imposed on the enclosure. The author fused thermophoresis
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and Brownian motion of the Fe3O4 nanoparticles into the model and examined the influence of γ , Ha, andRa
on the rate of heat transfer of the ferrofluids contained in the enclosure. They reported considerable heat
transfer enhancement asγ increased and the contrast when Ha was increased. Co-kerosene nanofluids were
noticed to have higher rates of heat transfer compared to the Fe3O4-water nanofluids, and this was because
the applied magnetic field has a stronger effect on the former than the latter in the augmentation of heat
transfer. It was also observed that the isoconcentrations profile of this cavity was analogous to those of the
streamlines under the influence of γ . This signified the importance of this cavity for engineering application
in attaining uniform nanoparticles concentration coupled with the fully developed flow.

Recently, Dogonchi et al. [114] examined the natural convection heat and flow transfer in an irregular
triangular cavity containing Cu-water nanofluid exposed to an external magnetic stimulus. The inclined
walls of the cavity were maintained cold while the irregular base wall was heated, and the horizontal base
walls were kept adiabatic. The magnetic field stimulus was applied horizontally on the left side of the cavity.
The impact of m , φ , Ha, and Ra was considered. They demonstrated that heat transfer and flow rate were
augmented as m , φ , and Ra increased which attenuated with Ha . However, increasing Ra and Hacaused
the enhancement of Nu . Of the shape factors studied, the platelet influenced heat transfer the most.

Dogonchi et al. [115] considered the effect of Ha , Ra ,AR , and φ on the thermo-convection of Cu-water
nanofluid in a triangular cavity (with semi-circular base) under a uniform magnetic field by engaging the
CVFEM technique. The cavity’s inclined walls were kept at a low temperature while the horizontal walls
were insulated, and the semicircle-shaped base was maintained at a high temperature. The magnetic field
was imposed horizontally on the left side of the cavity. They proved that the Nu avewas augmented as Ra
and φ increased and as Ha andAR decreased. At Ra [?] 104, reducing the radius of the semi-circular base of
the cavity was observed to attenuateNu ave. Ahmed et al. [116] studied the MHD convection heat transfer in
a porous triangular cavity filled with water-based Cu nanofluid using the FVM technique. The inclined wall
was maintained cold while the bottom wall on which the fin was mounted was insulated. When a heat source
was placed on the vertical wall the fin was kept cold while when a heat sink was located on the vertical wall
the fin was maintained hot. The remaining part of the vertical wall (outside the heat source/sink) was kept
adiabatic. An inclined magnetic field was imposed on the cavity. The two forms of heating were examined
along with the influence of Ha , H f,W , B , D , Df , and φ on heat transfer. They found that increasing
H f,D , φ , heat sink and heat source enhancedNu ave but a rise in Ha deterioratedNu ave. The convective
flow was observed to reduce due to the presence of a magnetic field.

It can be inferred from the above studies that the MHD convection heat transfer of nanofluids in triangular
cavities enhanced with Ra ,φ , and m increased and detracted with AR andHa . Increasing γ was observed
to enhance heat transfer for an equilateral triangle cavity filled with ferrofluids (kerosene and water-based)
while the contrast was the case for an isosceles triangular enclosure containing water-based Al2O3nanofluid.

3.5 U-shaped cavity

Ghasemi [72] employed control volume formulation to numerically investigate the MHD natural convection
of a Cu-water nanofluid filled into a U-shaped cavity subjected to a magnetic field. The outside and inside
curvatures of the cavity were kept at high and low temperatures, respectively, while the top faces were
insulated. This work investigated the heat transfer performance of the nanofluids in the cavity considering
φ , AR , Ha, and Ra . His study revealed the enhancement of heat transfer in the enclosure as φ, ΑΡ, and
Ra increased but declined as Ha increased. He also noticed that an increase in φ enhanced the totalNuave ,
thermal conductivity, and heat transfer performance of the nanofluids in the enclosure. Increasing ARcaused
the augmentation of the total Nuave , irrespective of Ra values. This study reported a maximum totalNuave
value on increasing AR from 0.7 to 0.9.

Recently, Ma et al. [117] analysed the hydromagnetic heat transfer and flow of water-based CuO nanofluid
in a U-shaped cavity (with a fixed baffle) using the LBM scheme. The vertical walls of the cavity and the
outer top walls were maintained adiabatic while the inner walls and the bottom wall were kept at low and
high temperatures, respectively. The effect of AR , Ra , Ha , and φ and Brownian motion was considered.
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A uniform magnetic field was imposed horizontally on the cavity (left). They showed that increasing AR
, Ra , and φ , and decreasing Ha augmentedNu ave. It was observed that at AR = 0.6,Ha = 0, and φ =
0.05, the best heat transfer performance was achieved. An increase in heat transfer was noticed to reduce
the thickness of the thermal boundary layer as Ra increased. In another work by Ma et al. [118] of which a
similar cavity description, numerical technique, and nanofluid to that used in their previous study [117] were
engaged, the influence of Lb, Sb, Ra , Ha , andφ and Brownian motion was examined. The result revealed
that theNu ave was enhanced with Ra , and φand deteriorated with Ha . An increase in φ with increasingRa
was observed to attenuate heat transfer but it enhanced with an increase in Ha , which contradicted the
result obtained when the battle was fixed. With battle conditions of Lb = 0.2 and 0.4 and Sb = 0.3, highest
heat transfer enhancement was achieved. In addition, the Nu ave was noticed to be related to φ

-0.18,Ra -0.27,
Ha 0.08, and e1.4366Sb.

With the use of nanofluids in U-shaped enclosures, the hydromagnetic heat transfer was noticed to enhance
with increasing AR ,Ra , and φ and it depreciated with an increase inHa . However, the reverse was observed
when baffle height was varied. Further research on the use of this cavity revealed the engagement of other
nanofluids, most especially, the ferrofluids and the effect of the cavity and magnetic field inclination on the
MHD convection heat transfer.

3.6 T-shaped cavity

The hydromagnetic natural convection flow and heat transfer of four nanofluids (Cu, Ag, Al2O3, and TiO2)
contained in an inclined T-shaped cavity were investigated using FDM [119]. Besides the vertical walls (right
and left) of the cavity kept at cold temperatures (constant), the other parts of the cavity were assumed to
be adiabatic. The cavity consisted of a heat source (uniform) positioned at the centre while the applied
magnetic field was acting vertically download on the bottom wall of the cavity. The effects of value ranges
of φ , AR , Ha ,θ , Ra , B and D were explored. They found that Nu was enhanced as φ , D , AR , Ra ,
and θ increased but it reduced with an increase in B andHa . An increase in AR and Ra , and a decrease
inHa , B , and D was observed to enhance convection heat transfer. The result of this work was reported
to agree with a previous study.

3.7 C-shaped cavities

In another work, an inclined C-shaped cavity containing Al2O3-water nanofluid in the presence of a magnetic
field was numerically examined for the natural convection phenomenon using the FVM technique [71]. The
inside walls were at constant cold temperatures. The external and internal walls of the cavity were kept at
high and low temperatures (constant heat flux), respectively, whereas the right vertical walls were insulated.
The influence of the governing parameters of Ha , θ , Ra ,φ , and AR on the heat transfer performance of
the nanofluids in the cavity subject to the magnetic field was considered. On the cavity, gravity force was
acting downward while the magnetic field (constant) was applied parallel to the horizontal. It was observed
that the Nuave reduced with a raise in Hafor the nanofluid. At Ra = 105 and increasingHa up to Ha = 60,
Nuave was found to decline. For this work, increasing θ , AR and φwere noticed to cause the augmentation
of Nu . Also, an increment in AR resulted in heat transfer reduction as θ increased.

With a similar cavity shape and thermal boundary conditions but different orientation of the imposed
magnetic field, nanofluid and governing parameters ranges compared to the work of Makulati et al. [71]
and Mliki et al. [120] analysed the effect of φ ,θ , AR , Ha and Ra on the MHD natural convection heat
transfer using LBM. It is pertinent to mention that the KKL correlation was utilised to evaluate the thermal
conductivity and viscosity of the nanofluid. The Brownian motion effect on nanoparticles was also considered.
The results showed that an increase in θ ,AR , and φ contributed to the enhancement ofNuave . This is in
consonance with the findings of Makulati et al. [71]. It was also noticed that the fluid flow intensity and
heat transfer rate dropped as the magnetic field increased. Brownian motion influence on the nanoparticles
indicated the enhancement of Nuave as AR increased and the augmentation of heat transfer with θ , AR ,
andRa values. At θ = π/2, the maximum impact of Brownian motion was noticed on Nuave .

Rahimpour and Moraveji [121] employed the same cavity, thermal boundary conditions, magnetic field
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orientation, and pertinent parameters but a different nanofluid as that of Makulati et al. [71]. They
examined the MHD convection of Fe3O4-water nanofluid in the C-configured cavity using FEM. Their result
revealed that Nuenhanced as Ra and AR increased which was in agreement with those of Mliki et al. [120]
and Makulati et al. [71]. In addition, when Ra > 105, the Nuwas observed to enhance with the rise of θ ,

AR , andφ but it detracted with Ha increase. A formula was proposed to predict Nuave .

In recent work, Abedini et al. [122] explored the natural convection heat transfer in a baffled C-shaped
cavity filled with water-based Fe3O4 nanofluid under a constant magnetic field excitation. The left vertical
wall was heated and exposed perpendicularly to the magnetic field while the bottom and top walls and the
right vertical walls were kept adiabatic. In addition, the inner walls of the cavity were maintained to be
cold. The effect of Ha ,AR , Ra , Lb , and φ on the MHD convection was reported. They showed that Nu
was improved asAR , Ra , Lb , and φ increased, and Ha reduced. Optimum heat transfer was achieved at
AR = 0.7 and Lb = 0.2. The influence of the baffle on the thermal transport was highest at the base of the
hot wall.

The use of a C-shaped cavity containing nanofluids has been shown to augment heat transfer as AR , Ra ,
θ , and φincreased and it attenuated with Ha increase. The use of a baffle inside this cavity revealed the
augmentation of heat transfer at an optimum value. The research gap includes the use of other nanofluids
outside water based Fe3O4 and Al2O3 nanofluids and the possible inclination of the cavity.

3.8 L-shaped cavities

Studies are very scarce on the use of an L-shaped enclosure for the investigation of the thermo-convection
behaviour of nanofluids under the influence of a magnetic stimulus. Elshehabey and Co-workers [30] utilised a
differentially heated inclined L-shaped cavity containing water-based Cu to investigate the thermo-convection
flow and heat transfer under the existence of an inclined uniform magnetic field. An FDM technique was
employed in the numerical analysis while the effect ofRa , φ , AR , Ha , θ and γ on the natural convection
in the cavity was explored. Heat transfer and fluid flow were noticed to be substantially deteriorated on
exposure to the magnetic field. The increase of φ resulted in an appreciation of the heat transfer rate. In
addition, Nu enhancement was observed with an increase of Ra and φ whereas it reduced with an increase
of AR and Ha .

3.9 Trapezoidal cavities

Trapezoidal-shaped enclosures containing different nanofluids under various thermal boundary conditions
and different orientations of the magnetic field have been investigated for their thermo-convection flow and
heat transport characteristics. A trapezoidal cavity with a heat source containing Cu-water nanofluid under
a constant magnetic field was studied using FVM [123]. The impact of Ha , φ , andRa was explored. Both
the inclined and the left vertical sides of the cavity were kept at cold temperatures. Also, constant heat
flux was supplied by the heat source mounted on the lower wall. They found that the Nu augmented as Ha
increased for Ra = 104 and 105, whereas it declined at a higher Ra . Sgen was observed to increase with
the magnetic field but diminished with φ . It is pertinent to note that a thermal conductivity correlation
outside the classical model was utilised in formulating this study.

Job and Gunakala [124] numerically studied the hydromagnetic fluid flow and heat transfer behaviours of
water-based single-walled carbon nanotube (SWCNT) and Al2O3 nanofluids filled in a trapezoidal enclosure
having a wavy bottom wall under an unsteady flow condition. The FEM technique was utilised in modelling
the problem which incorporated the viscous and Joule dissipation effects. The inclined (45°) left and right
sides of the cavity were kept at cold temperatures, the horizontal top and bottom walls were assumed adia-
batic and heated at a hot temperature, respectively. An inspection of the influence of the model parameters
(φ , A , Ha , andt ) was carried out. Their results revealed that at low Ha , the heat transfer rate of
Al2O3-water nanofluids declined whereas it enhanced at high Ha , and this observation is a function of φ

. In contrast, an increase inHa caused a corresponding increase in heat transfer rate for SWCNT-water
nanofluids. It was noticed that the addition of SWCNT nanoparticles into water enhanced heat transfer (on
the bottom wall of the cavity) while increasing φ of the Al2O3-water nanofluid reduced heat transfer rate.
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For the flow circulation intensity, the reverse was the case. An increase in t and A resulted in heat transfer
rate degradation and enhancement, respectively. The SWCNT-water nanofluid was found to be a better
heat transfer medium.

Job and Co-workers [125] which used the same cavity as in the work of Job and Gunakala [124] to investigate
the effect of Ra andHa on the unsteady MHD convection of the same nanofluids (water-based Al2O3 and
SWCNT) was investigated. However, the enclosure housing the nanofluids was initially assumed to be at
rest and at an isothermally cold temperature. Thereafter, the wavy bottom wall temperature was suddenly
heated to an isothermally hot temperature. Their results proved to agree with those of [124] in terms of the
impacts of Ra and Ha onNu and heat transfer for both nanofluids.

A partially-opened trapezoidal cavity containing a CuO-water nanofluid and exposed to an inclined uniform
magnetic field was performed using an FVM technique [126]. The natural convection behaviour of the
nanofluid within the cavity was inspected based on the γ ,Ha , φ , and Ra . The lower and upper walls
of the cavity were thermally insulated, the inclined side was kept at a constant high temperature while the
open vertical (right) end was at a cold temperature. They reported the attenuation of heat transfer and flow
rates as a result of an increase of Ha , while the increase in φ intensified flow and heat transfer rates. At
γ = π/2 (force of gravity parallel to the magnetic field), heat transfer and flow rates of the nanofluids were
considerably reduced but noticed to be minimal at γ = 0 (force of gravity perpendicular to the magnetic
field). This indicated a non-monotonic relationship between γand, heat transfer and flow rates.

Bondareva and Co-workers [127] used a right-angled trapezoidal cavity containing a water-based nanofluid
under an inclined uniform magnetic field to study unsteady natural convection flow, mass and heat transfer
behaviour with the aid of an FDM scheme. The horizontal sides of the enclosure were insulated, the right
inclined side was at a cold temperature and the left side was at a higher temperature. The non-homogeneous
Buongiorno’s mathematical model was utilised to incorporate several parameters such as thermophoresis
and Brownian motion. Controlling parameters of Ra , τ , Ha ,γ , AR , and Le were explored and visualised
using isoconcentration. They showed that augmenting Ra and γcaused Nu and Sh to intensify but they
detracted asAR , Ha and Le increased. At low Ha andLe , nanoparticles distribution was observed to be
non-homogeneous, thus, requiring a similar model for formulation.

In a recent study by Astanina and Co-workers [128], an open trapezoidal cavity containing water-based Fe3O4

(full) and a permeable layer under an inclined uniform magnetic field stimulus was investigated for the natural
convection and entropy generation using FDM. The top of the cavity was opened and kept isothermally cold
while the bottom, inclined right and upper part of the inclined left walls were kept adiabatic. The lower
part of the inclined left wall was heated to a length equal to the depth of the porous layer in the cavity.
The Brinkman-extended Darcy model for porous layer was incorporated in the simulation while the role of
pertinent parameters of γ , Ha , φ , and δwas examined. Their results proved that the rate of heat transfer,
nanofluid flow, and Sgen diminished as Haand δ increased. At γ = 3π/4, maximum values of heat transfer,
nanofluid flow, and entropy generation were attained while the minimum values occurred at γ = π/4.

Using this cavity type and different nanofluids, heat transfer was generally observed to enhance as AR , A ,
Ra , andφ increased and as t , δ , and Ha decreased. The reverse was reported for Ra [123], Ha [124], and
φ [124] whereas optimum heat transfer was recorded for γ [128].

3.10 Open cavities

The containment of different nanofluids in open cavities subjected to various thermal boundary conditions
and magnetic field stimulations have been studied for the characteristics of heat transfer and flow. An open
cavity filled with Al2O3-water nanofluid in the presence of a magnetic field was investigated using LBM [129].
The influence of φ , ψ , Ha and Rawas explored. The cavity was opened and cooled on the vertical right
and subjected to sinusoidal heating on the vertical left with both horizontal walls kept adiabatic. A uniform
magnetic field was applied axially on the cavity from the left side. They reported that the heat transfer rate
was augmented when Ra increased and it reduced with an increase in Ha . The rate of heat transfer rate was
seen to augment with an increase in φ for all values of ψ and the maximum effect of nanoparticles addition
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was attained at ψ = π/4 for Ra = 105. In addition, the increment inψ led to heat transfer enhancement for
all values of Hawith the peak ψ [?] p/2 and Ra = 105.

In an earlier study, the influence of φ , Ra , and Haon the MHD natural convection of a water-based Al2O3

nanofluid in an open cavity was performed with the aid of LBM [130]. An examination of an identical cavity
to that studied by Mejri and Mahmoudi [129] but with the left vertical wall maintained isothermally hot
was performed. The effect ofRa , φ , and Ha on the heat transfer was found to be analogous to the result
of Mejri and Mahmoudi [129], despite the difference in the heating method. In addition, the impact of φwas
significant for all Ha at Ra = 106,Ha = 30 for Ra = 104 and Ha = 60 for Ra = 105.

In the presence of an inclined uniform magnetic field, the MHD convection of an open cavity occupied with
Cu-water nanofluid was studied using LBM [131]. Both the horizontal sides of the cavity were thermally
insulated whereas the vertical (left) side was sustained at a high temperature. The open end of the cavity
(vertical left) serving as the entrance to the nanofluid was isothermally cold. Monitoring of the pertinent
parameters (γ , φ , Haand Ra ) as they affect heat transfer and flow was carried out. They demonstrated
similar results as most studies stating the increase in Nu with Ra but a drop with Ha . Also, owing toRa
and Ha , φ was noticed to have an appreciable impact on the heat transfer and Nu . At high Ra ,Nuave was
enhanced with γ .

A partially-opened porous cavity (with a wavy wall) containing Cu-water nanofluid and exposed to an
isothermal corner heater was investigated by Sheremet et al. [132]. The effect of the governing parameters
(φ , γ , Ha , and Ra ) on the MHD convection heat transfer and flow was explored. The wavy left wall of
the cavity was kept isothermally cold. The heating of the cavity was at the right bottom corner with the
bottom wall thermally insulated. They observed heat transfer augmentation in the enclosure to depend on
Raincrease and a decline in Ha . The convective flow was observed to intensify with an increase in γ from
0 to π/2 and attenuated asHa and φ increased. Under magnetic field stimulation, increasing φ was noticed
to cause a reduction in the transfer of heat. A non-monotonic influence was found for heat transfer due toφ
and γ increment.

As a build-up on the work of Sheremet et al. [132], Bondareva et al. [133] analysed the effect of Ha , φ ,

γ , θ, andRa = 103 on the thermo-convection flow and heat transfer of a Cu-water nanofluid filled into an
inclined version of the cavity studied by Sheremet et al. [132], though with AR = 4. Unique to this work
was the use of heatlines as a visualisation method in addition to the conventional isotherm patterns and
streamlines. The result revealed a reduction in both the rate of heat transfer and convective flow intensity
for a collective increase in Ha andγ , and θ and Ha . The influence of the magnetic field may be responsible
for this. At θ = π/2, the Nu was maximum indicating orthogonality between gravity and Lorentz force,
which was in agreement with the result of Sheremet et al. [132] that engaged partially-opened porous cavity,
though not inclined.

Sheikholeslami [134] applied the LBM technique to analyse the effect of φ , Ra , Ha and Da on the MHD
convection of a water-based CuO nanofluid contained in an open porous cavity. The enclosure’s right vertical
boundary was opened, the left vertical wall was heated, and the horizontal walls were thermally insulated.
The Brownian motion of the CuO nanoparticle was accounted for by utilising KKL model in the problem
formulation. He observed the enhancement ofNu with φ , Ra and Da and its deterioration with Ha . The
increment of Da and φ was also found to augment convective heat transfer. A correlation was derived
forNuave prediction.

In the work of Kolsi et al. [135], a 3-dimensional open cubic cavity with an inclined fin containing a CNT
water-based nanofluid under magnetic field stimulus was employed to analyse the hydrothermal behaviour.
The right vertical side of the enclosure was opened, the left vertical side was isothermally heated while the
rest of the sides were thermally insulated. A finite length fin was inclined inside the enclosure whereas the
external magnetic field was applied from the left vertical side of it. Controlling parameters ofθφ , φ , Ha
and Ra were inspected. They discovered that heat transfer was enhanced when φand Ra increased and Ha
reduced. Maximum and minimum heat transfer was attained at θφ = 180° and 270°, respectively. They
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concluded that all the controlling parameters can be utilised to passively control nanofluid flow and heat
transfer.

As can be noticed from the published works on the employment of open cavity to study the natural convection
heat transfer performance of nanofluids under magnetic field existence, heat transfer enhanced with ?, γ, Da
, and Ra increase and reduced with Haincrease. At an optimal value of θf, the highest heat transfer was
achieved. This indicates that the use of fin as an active method of heat transfer enhancement has a positive
influence on heat transfer. The engagement of diverse nanofluids and their impact on the MHD convection
heat transfer is opened for future study.

3.11 Curved cavities

The application of nanofluid contained in curved-shaped cavities has been investigated for the hydrothermal
heat transfer behaviour. Sheikholeslami and Rokni [136] applied the LBM scheme to analyse the natural
convection flow in a permeable curved enclosure occupied with a water-based CuO under magnetic field
influence. The semi-circular walls were differentially heated, and a uniform magnetic field was imposed on
the left side of the cavity. Brownian motion impact of the CuO nanoparticles was implemented by using the
KKL model. Pertinent parameters of φ , Ra , Da, and Ha were considered. They observed that as Ra and
Da increased; theNuave was augmented, and it diminished asHa increased. The increase of Lorentz forces
was noticed to cause the attenuation of convection flow which enhanced with Ra .

The natural convection characteristics in a double-wavy curved enclosure occupied with Fe3O4-water
nanofluid and subjected to a magnetic field source and thermal radiation performed by Sheikholeslami
and Shamlooei [137]. The base and inclined top sides of the cavity were assumed adiabatic while the right
wavy side was at a cold temperature. Constant heat flux was supplied by the left wavy wall with the ex-
ternal magnetic field source applied near the wall. Using the CVFEM technique, the effect of controlling
parameters of Rd ,φ , Ra and Ha on the cavity was investigated. They showed that in the presence of
the magnetic field, the thermal radiation weakened causing deterioration of convective heat transfer, but
it intensified in the absence of the magnetic field leading to heat transfer augmentation. In addition, the
depth of the thermal boundary layer was a direct function of Ha and Rd , and an inverse function of φ and
Ra . Nu was observed to enhance with Rd and diminished with Ha . The model formulation engaged a
viscosity correlation (temperature and magnetic field dependent) instead of the classical model utilised by
most studies.

Sheikholeslami and Ganji [138] applied the CVFEM technique to study the influence of thermal radiation
on the MHD convection of a water-based Fe3O4 nanofluid in a permeable curved cavity. The curved and
horizontal sides of the cavity were assumed cold while the vertical wall was maintained hot. An external
magnetic source was imposed on the cavity from the left bottom side. The impacts of φ , Ra , Rd, and
Ha on the MHD convection were explored. The obtained results were in agreement with a similar study
carried out by Sheikholeslami and Shamlooei [137] which considered a double wavy-curved cavity. They
indicated that as φ and Ra increased temperature gradient appreciated nonetheless it declined as Ha and
Rd increased. It was found that increasing Lorentz forces enhanced the thickness of the thermal boundary
layer and attenuated the flow. At higher buoyancy force, the effect of Rd was found to be significant. A
correlation was also proposed to calculateNuave .

Sheikholeslami and Ganji [139] analysed the MHD natural convection behaviour of a Fe3O4-water nanofluid
in a curved cavity with a hot inner squared shape using CVFEM. The outer circular wall of the cavity was
kept cold, the outer vertical and horizontal walls were insulated while the inner vertical and horizontal walls
(square) were maintained at hot temperatures. The impact of nanoparticle φ , rin , Ha , andRa on the
MHD natural convection was explored. The result showed the attenuation of flow velocity and temperature
gradient as Haincreased. They noticed that an increase in rinwas found to decrease the thickness of the
thermal boundary layer while increasing Lorentz forces favoured the reduction of Nu which augmented as
buoyancy forces increased. In addition,Nuave was enhanced as φ increased. They proposed a correlation to
determine Nuave as a function of rin , φ , Ha , andRa .
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A permeable curved enclosure filled with Fe3O4-water nanofluid and subjected to an external magnetic field
was simulated for the effect of φ ,Ha , Da , and Ra on the natural convection characteristics using CVFEM
[140]. The vertical side (left) of the cavity was considered hot while the arc surface and bottom side were kept
cold. He observed that a decline of Ra and Da , and an increase of Ha led to heat transfer intensification.
However, the appreciation of φ , Da , and Ra enhanced Nu . The exposure of the cavity-filled nanofluid to
a magnetic field caused a reduction of fluid motion leading to an increase in the thickness of the thermal
boundary layer. It was also noticed that as φ , Raand Da increased and Ha decreased, the temperature
gradient was augmented.

Generally, studies on the MHD convection of nanofluids in this type of enclosure revealed heat transfer
augmentation with φ , Da , and Ra , and attenuation with Ha and Rd .

3.12 Complex cavities

The complexity of cavities was studied for the MHD convection of nanofluids filled into them. Cho [141]
employed a complex-wavy enclosure to investigate the effect of φ , λw,A , Ha , Ra and Ec on the hydromag-
netic behaviours (heat transfer and entropy generation) of a water-based Cu nanofluid using FVM technique.
The smooth horizontal sides of the cavity were sustained adiabatic while the wavy right wall was assumed
to be isothermally cold. The wavy left side was heated at a constant heat flux and subjected to a uniform
external magnetic field. Their findings revealed the improvement of Nu with Ra (high values) andφ and its
deterioration with Ha and A . However, theSgen increased with Ra (high values),Ha and A , and φ showed no
effect. At an optimum value of λw, minimum Sgen and maximum heat transfer were achieved. In addition,
the Ec was noticed to augment with Ha and φ but detracted withBe .

Sheikholeslami et al. [142] performed an investigation (CVFEM) into the MHD convection performance of a
complex cavity occupied with a water-based Cu nanofluid. The outer surface of the enclosure was assumed
to be isothermally cold while the surface of the inner sinusoidal cylinder was kept hot. A horizontal uniform
magnetic field was imposed externally on the cavity. The influence of φ , N ,Ha, and Ra was explored.
They noticed the augmentation ofNu with φ , Ra , and N and the reverse withHa . Maximum heat transfer
augmentation was attained at Ha= 20 for Ra = 104 and Ha = 60 forRa = 105.

The influence of Rd , φ , Ha and Ra on the natural convection characteristics in a complex cavity containing
Fe3O4-water nanofluid under the existence of thermal radiation and inclined magnetic field source was
simulated using CVFEM [143]. The outer wall of the enclosure was sustained isothermally cold while the
wall of the inner elliptic cylinder was at a constant heat flux. The inclined magnetic field was imposed on
the left side of the enclosure. The formulation of this problem employed thermal conductivity and viscosity
correlations which accounted for the shape of the nanoparticles and magnetic field. They found that the
platelet-shaped nanoparticle having the highest shape factor yielded the highest Nu . Heat transfer within
the cavity was observed to rise with Rd and Ra , which declined asHa increased. This finding agreed with
the work of [137] in which a curved cavity was used. The increase in temperature gradient andRa caused
Nu augmentation while the reverse was the case with Ha increase.

In the presence of thermal radiation, Sheikholeslami [144] applied CVFEM to examine the influence of Ra ,
Rd , φ ,Ha , and θ on the MHD convection in a complex enclosure containing water-based Fe3O4 nanofluid
with an inclined inner elliptic cylinder. The outer wall of the enclosure was assumed to be cold while
the inner wall supplied heat at a constant heat flux. The radiation source term was considered using the
energy equation. A viscosity correlation dependent on temperature, magnetic strength and φ was used in
the formulation of the analysis. His results showed the enhancement of Nu with θwhich decreased with Ha
. Also, he noticed that increasing the magnetic field caused heat transfer to diminish but it augmented with
increasing Rd . The temperature of the inner wall was found to increase with Rd and declined with Ra . In
addition, the author developed a correlation for the estimation ofNuave as a function of the studied governing
parameters.

Sheikholeslami and Rokni [145] applied CVFEM to investigate the MHD convection flow of a water-based
CuO nanofluid inside a permeable complex cavity with a hot inner sinusoidal cylinder. The outer circular
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and inner (sinusoidal) cylinders were maintained at low and high temperatures, respectively. The magnetic
field source was located and applied axially at the left side of the enclosure. Both the Darcy model and
KKL correlation were included in the model formulation and the impacts of Ra , N , Ha, and φ on the
convective heat and flow were examined. They found that increasingRa , N , and φ enhanced heat transfer
while the rise of Ha reduced it. In addition, it was noticed that at high values of Ha , the effect of increasing
φ was significant. A correlation for the estimation of Nuave was proposed. A similar result was reported by
Sheikholeslami et al. [142] for Ha , Ra , N and φ though with a different nanofluid and cavity configuration.

Sheikholeslami and Shehzad [146] carried out the analysis of the hydromagnetic behaviour of a water-based
Fe3O4 nanofluid in a porous complex-shaped cavity by applying CVFEM technique. The wavy outer cylinder
wall of the enclosure was kept isothermally cold while the inner elliptic cylinder wall was maintained at a
constant heat flux. A constant magnetic field was imposed axially on the left side of the cavity. Non-Darcy
model and a viscosity correlation dependent on the magnetic field were incorporated into the simulation.
Controlling parameters explored were Ra , Da , Ha, and φ . They proved that heat transfer was enhanced
with Ra and Daincrease, but it diminished with Ha rise. It was also noticed that the magnetic field increment
caused the reduction of nanofluid flow and augmentation of thermal boundary layer thickness.

Recently, Dogonchi et al. [147] analysed the MHD convection heat and flow behaviour in a triangle-shaped
complex cavity containing CuO-water nanofluid. The diagonal walls of the cavity were kept cold while the
base horizontal and part of the wavy walls were thermally insulated. Heating was provided by the upper and
remaining part of the wavy wall not insulated. A uniform magnetic field was imposed on the left of the cavity.
Ha, φ , Ra , and m were governing parameters considered in the work while the KKL correlation for the
effective viscosity and thermal conductivity was incorporated into the model formulation. They showed that
heat transfer (local and average) was enhanced as Ra increased and reduced as Ha surged. Deterioration of
Nu ave by 30.37% and 32.95% asHa increased from 0 – 50 and at φ = 0.02 vol.%, respectively, was observed.
This was linked to the improvement of thermal and electrical conductivity with a rise in φ . However, atφ
= 0.02 vol.%, m = 5.7 (platelets) and Ha = 25, theNu ave was augmented by 3.14%.

Vo et al. [148] studied the thermo-convection in a porous complex cavity filled with water-based
Al2O3nanofluid in the presence of magnetic field stimulation using CVFEM. The inner surface of the cavity
supplied a constant heat flux while the outer surface was kept cold. The magnetic field was imposed on the
vertical (left) wall of the cavity. Brownian motion was incorporated into the model formulation. They prove
that increasing Rd ,m , Ra and reducing Ha enhancedNu ave.

The influence of governing parameters of Ha, φ , Ra ,A , Rd , Da , and m on the MHD convection of a
porous complex cavity filled with water-based CuO nanofluid was studied by Dogonchi et al. [149] using
CVFEM technique. The cavity was heated using the inner waxy circular cylinder while the outer part was
maintained at a lower temperature. Magnetic field stimulus was applied at an angle to the cavity. They
proved that increasing Ra ,Rd , and Da enhanced the Nu ave while an increment in Ha, φ , and A caused
depreciation ofNu ave. Like other previous studies on the shape factors of nanoparticles, the platelet (m =
5.7) was found to enhance heat transfer than other shapes.

It can be generally observed that the engagement of this type of cavity for hydromagnetic behaviour of
nanofluids showed the improvement of heat transfer as Ra , Rd , Da , N , ?, m , and θ increased and its
reduction as A and Ha surged. An exception was noticed by Dogonchi et al. [149] where heat transfer was
detracted with an increase in ?.

3.13 Prism cavity

Parvin and Akter [150] analysed the MHD natural convection of a prism-shaped cavity containing
Al2O3water-based nanofluid by applying the FEM scheme. The inclined sides of the cavity were assumed
to be isothermally cold; the vertical walls were insulated while the bottom wall was subjected to sinusoidal
heating. A magnetic field was horizontally imposed on the cavity from the right side. The influence of Ha
, Ra and ? on the nanofluid heat transfer was examined. They observed that increasing Ha has a negative
impact on the rate of heat transfer while Ra and ? enhanced it.
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3.15 Rhombic cavity

The effect of φ , Ra , θ r, andHa on the hydromagnetic heat transfer and entropy generation of Cu-water in
a rhombic cavity was examined by Dutta et al. [151] using FEM technique. The two diagonal walls of the
cavity were maintained adiabatic while the bottom and top walls were kept at high and low temperatures,
respectively. A uniform magnetic field was applied axially on the left side of the cavity. The results showed
that the heat transfer rate was enhanced as Ha reduced for high Ravalues. At Ra = 103 and 104, heat
transfer was noticed to augment with θ r for all Ha values, but detraction was found when Ra = 105 and
106. Increasing φ was observed to augment Nu ave by 6.5% (Ha = 0) and 0.88% (Ha = 100) at Ra = 105

and by 7.12% (Ha = 0) and 3.11% (Ha = 100) when Ra = 106. S gen was reduced asHa increased (for all
Ra values) andθ r increased.

4.0 MHD natural convection in different enclosures (analytical)

As one of the methods for investigating the MHD convection of nanofluids in cavities, the analytical technique
has been reported by very few authors. Benos and Sarris [152] analysed the thermo-convection heat and
flow behaviour in a shallow rectangular cavity containing Cu-water under a uniform magnetic stimulus using
a matched asymptotic expansions method. The top and bottom walls of the cavity were kept adiabatic
while the vertical walls were maintained isothermally. Also, the entire walls of the cavity were electrically
insulated. Heating was provided using a volumetric internal heat source. KKL correlations (viscosity and
thermal conductivity) and Brownian motion were engaged in the analysis. The influence of Ha , φ , rp,
andRa s was studied. They demonstrated that convective flow was enhanced by increasing internal heating.
It was observed that the Nu ave enhanced asRa s and rp increased but it attenuated with Ha . Heat transfer
enhanced as φ increased in the absence of the magnetic field stimulus but deteriorated in the presence of
the magnetic field. Increasing the magnetic field and reduction of rp were noticed to cause the dominance
of conduction over convection.

In the work of Benos et al. [153], an identical cavity and similar governing parameters’ (Ha , rp, andRa s)
and range of values to that studied by Benos and Sarris [152] were theoretically investigated for the MHD
heat and flow performance of SWCNT-water nanofluid in the cavity. Benos et al. [153] incorporated a
different model for the estimation of viscosity, electrical and thermal conductivity that considered the effect
of nanolayer (th) and did not take account of Brownian motion when compared to the work of Benos and
Sarris [152]. In addition, Benos et al. [153] examined the influence of shape factor on the MHD convection.
They proved that Ha andRa s contribute significantly to heat transfer and flow augmentation. Nu ave was
found to deteriorate as φ , th, m , and Ha increased, and it appreciated with an increase in Ra s and rp.
Also, heat transfer enhancement was noticed asm tends to be a complete sphere and as th/m reduced.

The incorporation of th and m into the analysis of Benos et al. [153] as against the Brownian motion
introduced by Benos and Sarris [152] which improved heat transfer is the sole disparity in the findings of
both studies. This revealed that the introduction of Brownian motion is not adequate to analyse MHD
convection heat and flow in the rectangular shallow cavity and that th and m of the nanofluid used in the
cavity is very significant.

5.0 MHD natural convection of hybrid nanofluids in different enclosures

The emerging trend in the study of heat transfer using nanofluids has led to the use of hybrid nanofluids.
In a recent work by Ashorynejad and Shahriari [154], the hydrothermal characteristics of a hybrid nanofluid
(water-based Al2O3-Cu) filled into a waxy-walled open cavity in the presence of a uniform magnetic field
were investigated using LBM scheme. Both the horizontal sides of the cavity were sustained adiabatic, the
left wall was wavy and sinusoidally heated while the remaining wall was an open boundary kept at ambient
temperature. Pertinent parameters explored were Ha ,φ , ψ, and Ra . Their findings demonstrated the
attenuation of Nu as Ha increased and its enhancement asRa and φ increased. Nu was enhanced as φ andψ
increased for Ra = 105. The highest heat transfer augmentation was attained at Ha = 90 with the lowest
at Ha = 30.
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Rashad and Co-workers [155] numerically studied the MHD natural convection of a water-based hybrid
nanofluid (Cu-Al2O3/water) inside a triangular cavity heated from the bottom wall with the use of FDM.
The inclined right wall of the enclosure was isothermally cold while the left vertical side was thermally
isolated. The bottom wall was partly insulated and partly heated centrally at a constant heat flux. A
constant magnetic field was imposed on the cavity from the left side. Controlling parameters of Ra , B , Ha
, D ,Q and φ were explored. They demonstrated that the heat transfer rate was augmented with an increase
in D and Ra , and the reduction of B but deteriorated with the rise of Qand Ha . Increasing φ was found to
be pronounced whenRa was low, Ha was high and when D and B increased. In comparing the heat transfer
augmentation of the hybrid nanofluid with those of mono-particle nanofluids (Al2O3-water and Cu-water),
no noticeable effect was observed.

Recently, Mehryan et al. [156] used FEM to analyse the thermo-convection in a double porous inverted
T-shaped cavity saturated with MWCNT-Fe3O4/water nanofluid under an inclined magnetic field. The
vertical walls of the bottom chamber of the cavity and the top wall of the top chamber were kept adiabatic
whereas the top walls of the bottom chamber and vertical walls of the top chamber were maintained cold.
The bottom wall of the bottom chamber of the cavity was used to provide heat. The uniform magnetic field
at varying angles was imposed on the cavity. The impact of φ , δ0, er, γ, Hr, and Kr on heat transfer was
examined. The result showed that increasing er and Kr and decreasing δ0 and Hr caused improvement of
heat transfer in the cavity. Nu was enhanced when δ0and Kr were increased. HighestNu ave was observed
at γ = 140° and when δ0 = 0 for all γ values. Also, the convection flow in the cavity was enhanced with an
increase in er.

It is worth mentioning that the studies on the use of Cu-Al2O3/water and MWCNT-Fe3O4/water nanofluid
(hybrid nanofluid) in non-square cavities for the hydromagnetic behaviours employed modified classical
models for the estimation of the thermo-physical properties (see Table 4). This is a clear indication of
the need to obtain the experimental data of thermophysical properties and formulate the corresponding
correlations, and consequently engage such in the modelling of the numerical study.

6.0 Future research focus

Owing to the availability of literature on the MHD natural convection characteristics of nanofluids in non-
square enclosures in the public domain, we have observed that most of the publications on this subject are
majorly numerical in nature with few and none investigated using experimental and theoretical methods (see
Tables 1 and 2). Obviously, the experimental studies on the MHD convection of nanofluids in non-cavities
are very important and there is an urgency for researches to be conducted in this regard. The application
of numerical and theoretical methods alone should not be the only method for studying the hydromagnetic
behaviours of nanofluids in non-square cavities. The experimental method along with the theoretical and
numerical techniques are very important too. A combination of results from numerical, experimental and
theoretical studies on this subject would provide a better explanation and a deeper understanding of the
respective findings. Consequently, the existing gaps in outcomes emanating from these methods of study
would be bridged.

Basically, two types of base fluids (water and kerosene), eight types of nanoparticles (Co, Cu, CuO, Al2O3,
Fe3O4, Ag, TiO2, and SWCNT), and a type of nanoparticles (Cu-Al2O3) have been employed in the formu-
lation of nanofluids utilised in the non-square cavities reviewed in this study (Tables 1 - 3). With only two
studies engaging kerosene as a base fluid and the rest using water, there is the need to employ other conven-
tional base fluids such as ethylene glycol, propene glycol, and engine oil. Progress in research has revealed
the utilisation of ionic, eutectic, and bio-sourced (bio-glycol) base fluids in nanofluid preparation which is yet
to be studied theoretically, numerically and experimentally for the MHD natural convection of nanofluids
in non-square enclosures under magnetic field stimulation [61,157]. The use of nanoparticles other than
those mentioned above, especially, the bio-derived (green), spinel, magnetic and hybrid nanoparticles should
be exploited in future studies. Recently, Giwa et al. [158] experimentally studied the thermo-convection
heat transfer of hybrid nanofluids (Al2O3-MWCNT/water) in a square cavity without the influence of the
magnetic field, which is considered a great stride in experimenting hybrid nanofluids.
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In this present work, the reviewed publications obviously reveal that most authors employed theoretical
models for estimating the thermo-physical properties of the engaged nanofluids with a few using experimental
data derived correlations. The classical models and the correlations used in the reviewed publications for
this present paper are provided in Table 4. Recently, Astanina et al. [159] investigated the discrepancy in
the result of the MHD convection heat transfer in a square cavity when theoretical models and experiment
sourced correlations were utilised in the evaluation of the thermal properties of nanofluids contained in a
cavity. They showed that the theoretical models overestimated the heat transfer performance. Although the
discontinued use of theoretical models in numerical studies has been under thoughtful public deliberation for
a while, yet it is still being engaged by most authors to date. It is becoming clear owing to current research
trend in the use of hybrid, green, and ionic nanofluids that the classical/theoretical models and even to an
extent the experimental data-derived correlations for specific nanofluid types cannot be effectively utilised
to model future numerical works on the MHD convection in cavities for dissimilar nanofluids. Personally, we
are of a strong opinion that experimentally obtained correlations for a nanofluid type must be used for the
same nanofluid since it is apparent that nanofluids differ in thermophysical properties from one another.

The no-slip postulation (single-phase) made for nanofluids (solid-liquid blends) was considered by most of
the literature on the hydromagnetic behaviours of nanofluids in non-square cavities as against the two-phase
postulation. Controversy regarding which of the two approaches models nanofluids better and provides
accurate results is still ongoing. However, the two-phase approach appears to be a better assumption for
modeling the MHD convection as it better imitates the reality of the solid-liquid phenomenon of nanofluids.
Of the reviewed papers in this work, only six engaged the slip condition assumption (see Table 1), which
calls for more studies using this condition. The Newtonian or non-Newtonian behaviour of nanofluids as it
depends on the type of base fluids used and the extent of dispersion of nanoparticles should be mentioned
and considered in the problem formulation as most of the reviewed literature failed in this regard. In this
present work, few studies described the behaviours of nanofluids investigated as being Newtonian and none
considered a non-Newtonian nanofluid.

Additionally, most studies on the MHD natural convection flow conditions of nanofluids in non-square
cavities have been on steady flow conditions with only Bondareva et al. [127] and Sheremet et al. [124]
having considered the unsteady flow condition of nanofluids. The transient flow condition and more of
unsteady flow should be further explored as they are of practical importance in engineering applications. At
present, only two studies have conducted natural bioconvection in square cavities [65,66] and none is yet to
be studied in non-square cavities for thermo-bioconvection and MHD bioconvection of nanofluids. Hence,
the future opportunity to investigate the MHD bioconvection in various shapes of cavities and using different
types of nanofluids, most especially the emerging ones. Furthermore, the use of other visualisation methods
such as heatlines, iso-surface, isoconcentrations, and particle trajectory, heat functions and velocity vector
outside the conventional isotherms and streamlines should be presented in future studies.

7.0 Conclusion

A review of the MHD natural convection of nanofluids in non-square cavities has been conducted in which
the majority of the studies are based on the numerical approach and very few on theoretical methods and
none on the experimental approach. It has been observed that heat transfer enhancement deteriorates in
the presence of the magnetic field, except in very few cases where it either augments at certain values or
enhances with an increasing magnetic field. Depending on the shape of the cavity and other parameters such
as the mode of heating and thermal boundary conditions, increasing θ and Da are found to largely augment
heat transfer in the cavities while attenuation is mostly reported for γ increment. The results are highly
reliant on several variables such as the orientation and application of the thermal boundary conditions, cavity
types, correlations or models (used for estimating the thermophysical properties), type and orientation of
the magnetic fields, use, type and number of heaters, temperature distribution methods, and exposure of
nanofluids to radiation, viscous dissipation effects etc. The choice of classical models or experimental-sourced
correlations is observed to be critical to the modeling of the MHD convection in non-square cavities and
consequently, the extent of accuracy of the obtained results.
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Nomenclature

A – amplitude of wavy wall/surface

aec – major axis of elliptic cylinder

AR – aspect ratio

B – dimensionless heat source/sink length

Br – Brownian motion

Cp – heat capacity at constant pressure

d – diameter

D – dimensionless heat source/sink location

Da – Darcy number

Da r – Darcy number ratio

Df – dimensionless fin location

e – viscous dissipation parameter

Ec – Eckert number

Ha – Hartmann number

H f – dimensionless fin height

H r – ratio of dimensionless convection coefficient at the interface of nanofluid and solid and phases

Kp – partition thermal conductivity

Kr – modified relative thermal conductivity ratio

Lb – baffle length

Le – Lewis number

m – shape factor

Mn – magnetic number

N – enclosure undulation number

n – power index

Nbt – ratio of Brownian motion to thermophoretic diffusivities

Nhs – solid-nanofluid interface heat transfer parameter

Nu – Nusselt number

Pe – Peclet number

Q – heat generation parameter

Ra – Rayleigh number

Ra s – scaled Rayleigh number
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Rd – radiation parameter

rin – inner cylinder size/radius

rp – nanoparticle radius

S – entropy

Sb – baffle position

Sgen – entropy generation

Sh – Sherwood number

Stgen – total entropy generation

t – time in second

Tfr – Freezing temperature of base fluid

th – nanolayer thickness

ubr – Brownian motion velocity

W f – dimensionless fin height

Greek symbols

α – thermal diffusivity

β - thermal expansion coefficient

γ – angle of rotation of magnetic field

δ – dimensionless height of porous layer

δo – viscosity parameter

ζ – angle of rotation of obstacle

θ – angle of inclination of cavity

θφ – fin inclination angle

θρ – rhombic angle of inclination

κ – thermal conductivity

λw– wavy surface wavelength

λ – dimensionless distance between heaters (semi-circular)

μ – viscosity

ξ – porosity

ξρ – porosity ratio

ρ – density

σ – electrical conductivity

τ – dimensionless time

– electric field potential

φ – volume fraction
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φv – volume concentration

Ψ – phase deviation

Subscript

ave – average

bf – base fluid

hnf – hybrid nanofluid

loc – local

nf – nanofluid

np – nanoparticle
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Figure 1. Trends of articles on thermo-convection of nanofluids in non-square cavities
(Scopus®, December 26, 2019)
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Figure 2. Trends of articles on thermomagnetic convection of nanofluids in cavities (Scopus®,
December 26, 2019)

Table 1: MHD natural convection in non-square cavities (Numerical methods)

Authors Approach Geometry Nanofluid Magnetic field Parameters Visualization Remarks Cavity

Benos et al. [153] Asymptotic expansions. Shallow rectangular cavity (steady and 2-D). SWCNT-water. Uniform and vertically imposed. 200 [?] Ras [?] 5000, 0 [?] Ha [?] 50, 0.1 [?] φ [?] 1.0, 5 [?] rp [?] 50, 0.5 [?] th [?] 3.0, 1 [?] m [?] 2. -
Benos and Sarris [152] Asymptotic expansions. Shallow rectangular (steady and 2-D). Cu-water. Uniform and vertically imposed. 200 [?] Ras [?] 5000, 0 [?] Ha [?] 50, 0 [?] φ [?] 0.04, 5 [?] rp [?] 50. - Convective flow enhanced with increasing internal heating. Also, Nuave enhanced as Ra and rp increased but it attenuated with Ha. Increment Ha led to the dominance of conduction over convection.

Table 2: MHD natural convection in non-square cavities (Analytical methods)

Authors Approach Geometry Nanofluid Magnetic field Parameters Visualization Remarks Cavity

Benos et al. [153] Asymptotic expansions. Shallow rectangular cavity (steady and 2-D). SWCNT-water. Uniform and vertically imposed. 200 [?] Ras [?] 5000, 0 [?] Ha [?] 50, 0.1 [?] φ [?] 1.0, 5 [?] rp [?] 50, 0.5 [?] th [?] 3.0, 1 [?] m [?] 2. -
Benos and Sarris [152] Asymptotic expansions. Shallow rectangular (steady and 2-D). Cu-water. Uniform and vertically imposed. 200 [?] Ras [?] 5000, 0 [?] Ha [?] 50, 0 [?] φ [?] 0.04, 5 [?] rp [?] 50. - Convective flow enhanced with increasing internal heating. Also, Nuave enhanced as Ra and rp increased but it attenuated with Ha. Increment Ha led to the dominance of conduction over convection.

Table 3: Special cases of MHD natural convection in non-square cavities

Authors Approach Geometry Nanofluid
Magnetic
field Parameters VisualizationRemarks Cavity

ElectrohydrodynamicElectrohydrodynamicElectrohydrodynamicElectrohydrodynamicElectrohydrodynamicElectrohydrodynamicElectrohydrodynamicElectrohydrodynamicElectrohydrodynamic
Sheikholeslami
and
Chamkha
[67]

CVFEM
(single-
phase)

Semi-
annulus
cavity
(steady
and
2-D).

Fe3O4-
water
(Newtonian).

50 [?]
Ra [?]
500, 0
[?] φ [?]
0.05, 0
[?] [?]
6.

Streamlines
and
isotherms.

Heat
transfer
en-
hanced
with Ra
and φ.

Nu and
heat
transfer
aug-
mented
with an
electric
field
which
was no-
ticeable
at low
Ra. The
flow
profile
altered
with
voltage
increase.

Hybrid
nanoflu-
ids

Hybrid
nanoflu-
ids

Hybrid
nanoflu-
ids

Hybrid
nanoflu-
ids

Hybrid
nanoflu-
ids

Hybrid
nanoflu-
ids

Hybrid
nanoflu-
ids

Hybrid
nanoflu-
ids

Hybrid
nanoflu-
ids
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Authors Approach Geometry Nanofluid
Magnetic
field Parameters VisualizationRemarks Cavity

Ashorynejad
and
Shahriari
[154]

LBM
(single-
phase).

Wavy-
walled open
cavity with
sinusoidal
heating
(steady and
2-D).

Al2O3-
Cu/water.

Uniform
magnetic
field
(axially
applied).

103 [?] Ra
[?] 105, 0
[?] Ha [?]
90, 0 [?] φ

[?] 0.04, 0
[?] Ψ [?]
3π/4.

Streamlines
and
isotherms.

Nu
attenuated
with Ha
and
enhanced
with Ra
and φ. At
Ra = 105,
Nu
enhanced
with φ and
ψ. Heat
transfer
was
maximum
at Ha = 90
and
minimum
at Ha = 30.

Rashad et
al. [155]

FEM
(single-
phase).

Triangular
cavity with
constant
heat flux
bottom
heating
(steady and
2-D).

Cu-
Al2O3/water.

Constant
and hori-
zontally
applied.

102 [?] Ra
[?] 106, 0
[?] Ha [?]
100, 0 [?] φ

[?] 0.2, 0 [?]
Q [?] 6, 0.2
[?] B [?]
0.8, 0.3 [?]
D [?] 0.7.

Streamlines
and
isotherms.

Heat
transfer
augmented
with
increase of
D and Ra,
and
reduction
of B but
declined
with rise of
Q and Ha.
Increasing
φ was
found to be
obvious
when Ra
was low,
Ha was
high and,
when D
and B
increased.
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Authors Approach Geometry Nanofluid
Magnetic
field Parameters VisualizationRemarks Cavity

Mehryan et
al. [156]

FEM
(two-phase)

Inverted
T-shaped
cavity
(steady and
2-D).

MWCNT-
Fe3O4/water.

Inclined
and
uniform.

0.7 [?] ξρ

[?] 1.4, 0
[?] Kr [?]
10, 0 [?] φ

[?] 0.3, 0
[?] γ [?]
180°, 0.2 [?]
Hr [?] 0.8,
0 [?] δο [?]
1, Ha = 20,
Ra =105,
Da = 10-2,
Dar = 1

Streamlines
and
isotherms.

Heat
transfer
enhanced
with
increment
of er and
Kr and
reduction
of δ0 and
Hr. Nu
enhanced
with δ0 and
Kr. Highest
Nuave was
observed at
γ = 140°
and when
δ0 = 0 for
all γ values.

Table 4. Correlations for MHD natural convection of non-square cavities

Correlations Reference

Nuave = 5.9733 − 0.0878Ha− 0.7074θ − 0.4056θ2 Mamourian et al. [164]
Sgen = 6.402 − 0.243Ha− 2.103θ − 3.164θ2 Mamourian et al. [164]
Nuave = 5.96− 0.35Da∗ − 2.9 log (Ra) + 0.77Ha∗ +
0.23Da∗ log (Ra)− 0.05Da∗Ha∗− 0.17 log (Ra) Ha∗

− 0.22(Da∗)
2

+ 0.5(log (Ra))
2 − 0.06(Ha∗)

2

Sheikholeslami [140]

Nuave = 27.97 − 3.84Rd− 13.2 log (Ra) − 0.6Da∗ +
1.5Ha∗+2.32Rdlog (Ra)+ 0.5RdDa∗−0.79RdHa∗+
0.25Da∗ log (Ra)−0.4Ha∗ log (Ra) − 0.64Da

∗
Ha∗−

3.11Rd2+1. 72(log (Ra))
2

+ 0.33(Da∗)
2 −

0.22(Ha∗)
2

Sheikholeslami and Shamlooei [83]

Nuave = 6.86 − 2.5 log (Ra) + 1.5Rd+ 0.05Ha+
3.34ϕ+ 0.69 log (Ra) Rd − 0.04 log (Ra)Ha+
2.38 log (Ra)ϕ+ 33 × 10−3RdHa+ 9.5Rdϕ−
0.11Haϕ+ 0.44 (log (Ra))

2
+ 2.4Rd2 + 0.5 ×

10−4Ha2 + 102.3ϕ2

Sheikholeslami and Shamlooei [137]

Nuave = 18.8 − 5.4Rd− 8.1 log (Ra) − 1.2Ha∗ +
1.68Rdlog (Ra) − 0.2RdHa∗ −
0.32Ha∗ log (Ra) + 1.6Rd2

+1.07 (log (Ra))
2 − 0.15(Ha∗)

2

Sheikholeslami and Rokni [143]

Nuave =
9.94 − 0.22θ − 4.44Rd− 4.76 log (Ra) + 0.98Ha∗ +
0.4θRd− 0.06θlog (Ra) − 0.06θHa∗ +
1.69 log (Ra)Rd−0.351log (Ra) Ha∗−0.25RdHa∗−
0.23θ2 + 0.72 (log (Ra))

2
+ 1.49Rd2 − 0.06(Ha∗)

2

Sheikholeslami [144]
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Correlations Reference

Nuave = 6.9 − 1.12 log (Ra) + 29.17ϕ+ 9.4 ×
10−3Ha− 1.21ϕ log (Ra) − 4 × 10−3Halog (Ra) −
9.1 × 10−3ϕHa+ 0.17 (log (Ra))

2
+ 10.76ϕ2 +

1.7 × 10−4Ha2

Sheikholeslami and Rokni [86]

Nuave =
2.23 + 0.06θ + 1.3 × 10−3Ra− 0.22Ha+ 1.35 ×
10−4θRa− 6.36 × 10−3θHa− 9.06 × 10−5RaHa−
4.7 × 10−3θ2 + 3.55 × 10−7Ra2 + 0.012Ha2

Sheikholeslami and Ganji [102]

Nuave = 12.12− 2.27rin − 7.27 (log (Ra))− 1.29ϕ+
0.16Ha+ 1.5rin (log (Ra)) + 0.6rinϕ− 0.04rinHa+
0.78 (log (Ra))ϕ− 0.04 (log (Ra))Ha− 0.02ϕHa+

2rin
2 + 1.04 (log (Ra))

2
+ 14.05ϕ2 + 1.5 × 10−5Ha2

Sheikholeslami and Ganji [139]

Nuave = 2.17 + 3.7× 10−4Ra+ 12.85rin + 13.42ϕ−
0.018Ha− 4.5 × 10−4Rarin − 3.82 × 10−4Raϕ−
1.45 × 10−5RaHa+ 3.45rinϕ+ 0.04rinHa+
0.036ϕHa+ 5.6 × 10−8Ra2 + 9.44rin

2 + 3.47 ×
10−4Ha2 + 27.9ϕ2 + 1.5 × 10−5Ha2

Sheikholeslami and Shehzad [103]

Nu = a13+a23Y1+a33Y2+a43Y1
2+a53Y2

2+a23Y1Y2

Y1 = a11+a21Ha∗+a31ϕ+a41Ha∗
2
+a51ϕ

2+a61Ha∗ϕ

Y2 = a12+a22Ra∗+a32ϕ+a42Ra∗
2
+a52ϕ

2+a61Ra∗ϕ

Where Ha∗ = Ha
100 and Ha∗ = log(Ra)

Sheikholeslami et al. [77]

Nuave = −1.41 + 10.82ε+ 0.43a+ 2.3 × 10−4Ra+
5.3×10−3Ha+5.2εa+1.4×10−4εRa−0.043εHa−
4.6×10−4aRa+6.05×10−3aHa+1.6×10−7RaHa−
11.9ε2 − 0.63a2 + 6.5 × 10−7Ra2 + 9.1 × 10−4Ha2

Sheikholeslami et al. [89]

Nuave = 10.01− 5.23 log (Ra)− 0.95Rd+ 0.06Ha−
5.4ϕ+ 0.63 log (Ra) Rd − 0.025 log (Ra)Ha+
2.05 log (Ra)ϕ−0.013RdHa+4.6Rdϕ−0.04Haϕ+

0.84 (log (Ra))
2−0.37Rd2 +3.8×10−4Ha2 +47.7ϕ2

Sheikholeslami, Ganji [138]

Nuave = 22.3 − 3.13Rd− 10.5 log (Ra) − 0.43Da∗ +
1.03Ha∗ + 1.88Rdlog (Ra) + 0.36RdDa∗ −
0.54RdHa∗ + 0.19Da∗ log (Ra) −
0.28Ha∗ log (Ra) − 0.52Da

∗
Ha∗ −

2.5Rd2+1. 37(log (Ra))
2
+0.29(Da∗)

2− 0.17(Ha∗)
2

Sheikholeslami et al. [100]

Nuave = 6.47 − 1.53 log (Ra) − 0.52Da∗ +

0.58Ha∗ − 0.18Ha∗Da
∗

+ 1.08Da∗ log (Ra) −
0.18Ha∗ log (Ra) +0. 25(log (Ra))

2 − 2.6 (Da∗)
2

+

0.018(Ha∗)
2

Sheikholeslami and Shehzad [165]

Nuave =
0.98 + 5.5×10−4Ra−0.016N + 0.51ϕ−0.021Ha−
3.2 × 10−6RaN − 1.71 × 10−5Raϕ− 3.6RaHa+
0.15Nϕ+ 3.15 × 10−4NHa+ 0.016ϕHa+ 1.4 ×
10−7Ra2 +7.9×10−3N2 +46.5ϕ2 +1.16×10−3Ha2

Sheikholeslami and Rokni [145]
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Correlations Reference

Nuave = 4.37 − 2.77 log (Ra) + 0.15Da∗ +
0.03Ha∗ − 0.2Da∗Ha∗ + 0.03 log (Ra) −
0.39Ha∗ log (Ra) + 0.51 + 0.07 (Da∗)

2
+ 0.61(Ha∗)

2

Sheikholeslami and Ganji [105]

Nuave = 31.9 − 5.2Rd− 15.3 log (Ra) − 0.6Da∗ +
1.25Ha∗ + 2.93Rdlog (Ra) + 0.44RdDa∗ −
0.57RdHa∗ + 0.28 log (Ra) − 0.37Ha∗ log (Ra) −
0.69Da∗Ha∗ − 4.13Rd2 + 2.02 (log (Ra))

2
+

0.47 (Da∗)
2 − 0.27(Ha∗)

2

Sheikholeslami and Seyednezhad [104]

Nuave = 7.98 − 0.73ξ + 0.62Rd− 3.47 log (Ra) +
0.62Ha∗ + 0.77ξRd+ 0.19ξlog (Ra) − 0.15ξHa∗ +
0.72 log (Ra)Rd− 0.12 log (Ra) − 0.47RdHa∗ +

0.29ξ2 + 0.69Rd2 + 0.52 (log (Ra))
2 − 0.034(Ha∗)

2

Sheikholeslami et al. [90]

Nuave = 4.58 − 0.66ξ − 2.0 log (Ra) − 0.58Da∗ +
0.18Ha∗ + 0.09ξDa∗ + 0.19ξlog (Ra) − 0.04ξHa∗ +
0.18 log (Ra) Da∗ − 0.15 log (Ra) − 0.41Da∗Ha∗ +

0.17ξ2 + 0.1(Da∗)
2

+ 0.33 (log (Ra))
2

+ 0.08(Ha∗)
2

Sheikholeslami and Rokni [101]

Nuave = 2.19 − 0.03ξ + 0.81 × 10−4Ra− 0.05Ha−
7.55 × 10−5ξRa+ 3.9 × 10−3ξHa− 5.58 ×
10−5RaHa−7.6×10−3ξ2+2.96×10−7Ra2+7.6Ha2

Sheikholeslami and Zeeshan [106]

Nuave = 6.47−1.53 log (Ra)−0.52Da∗ +0.58Ha∗−
0.18Da∗Ha∗ + 1.08 log (Ra) − 0.18Ha∗ log (Ra) +

0.25 (log (Ra))
2 − 2.6 (Da∗)

2
+ 0.018(Ha∗)

2

Sheikholeslami and Rokni [136]

Nuave = 4.37−2.77 log (Ra)+0.15Da∗ +0.03Ha∗−
0.21Da∗Ha∗ + 0.03 log (Ra) − 0.39Ha∗ log (Ra) +

0.51 (log (Ra))
2

+ 0.07 (Da∗)
2

+ 0.61(Ha∗)
2

Sheikholeslami and Rokni [86].

Nuave = 9.78−4.78 log (Ra)−2.98Da∗ +0.37Ha∗−
0.25Da∗Ha∗ + 1.48 log (Ra) − 0.26Ha∗ log (Ra) +

0.75 (log (Ra))
2 − 1.07 (Da∗)

2
+ 0.096(Ha∗)

2

Sheikholeslami [134]

Nu = (C1+C2Ra+C3RaHa)e(C4ϕAR+(C5+C6Ra+C7RaHa)AR2)

Where C1-C7.

Rahimpour and Moraveji [121]

Nuave = 2.63 + 1.42Ra∗ − 0.16Ha∗ − 0.12ξ −
0.11Nhs∗−0.35Ra∗Ha∗−0.56Ra∗ξ−0.63Ra∗Nhs∗+
0.12Ha∗ξ + 0.14Ha∗Nhs∗ + 0.29ξNhs∗ −
0.05 (Ra∗)

2
+ 0.018 (Ha∗)

2 − 0.29 (ξ)
2 − 0.15(Nhs∗)

2

Where Ra∗= 0.001Ra and Nhs∗= 0.001Nhs

Sheikholeslami and Shehzad [107]

Nuave = −0.32 − 0.54A+ 0.77 log (Ra) + 22.27ϕ+
0.15Ha− 0.76Alog (Ra) − 108.2Aϕ+ 0.035AHa+
1.49ϕ log (Ra) − 0.048Hal(ogRa) − 0.069Haϕ−
1.22A2 + 0.12 (logRa)

2
+ 0.27ϕ2 − 1.9 × 10−3Ha2

Sheikholeslami and Oztop [92]

Nuave = 8.06 + 9.13Ra∗ − 1.85Ha∗ + 0.27ξ −
1.55Nhs∗−2.13Ra∗Ha∗−2.51Ra∗ξ−3.68Ra∗Nhs∗+
0.69Ha∗ξ+1.13Ha∗Nhs∗+1.95ξNhs∗−1.18 (Ra∗)

2−
4.9 ×10−3 (Ha∗)

2 − 2.48 (ξ)
2 − 2.01(Nhs∗)

2
Where

Ra∗= 0.001Ra and Nhs∗= 0.001Nhs

Sheikholeslami and Rokni [108]
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Correlations Reference

Nuave = 32.46 − 6.1Rd− 15.8 log (Ra) − 0.58Da∗ +
1.35Ha∗+3.2Rdlog (Ra)+0.4RdDa∗−0.52RdHa∗+
0.31 log (Ra) − 0.37Ha∗ log (Ra) − 0.94Da∗Ha∗ −
4.8Rd2 + 2.1 (log (Ra))

2
+ 0.61 (Da∗)

2 − 0.37(Ha∗)
2

Sheikholeslami and Shehzad [109]

Nuave = 7.9−4.09 log (Ra)+0.08Da∗ +0.039Ha∗−
0.003Da∗Ha∗ + 0.003 log (Ra) − 0.2Ha∗ log (Ra) −
0.08 (log (Ra))

2 − 0.2 (Da∗)
2

+ 0.14(Ha∗)
2

Sheikholeslami and Shehzad [146]

Nuave =
1.17 + 3.07 × 10−5Ra− 4.10 × 10−3Ha+ 5.92ϕ−
2.75 × 10−7RaHa+ 5.01 × 10−5Raϕ− 0.02Haϕ−
9.58 × 10−11Ra2 + 4.57 × 10−5Ha2 − 38.14ϕ2

Dogonchi et al. [114]

Nuave =
0.75 + 1.78 × 10−5Ra− 1.70 × 10−3Ha− 2.47ϕ−
1.42× 10−7RaHa− 6.57× 10−6Raϕ+ 0.032Haϕ−
5.35 × 10−11Ra2 − 5.69 × 10−6Ha2 − 25.39ϕ2

Dogonchi et al. [147]

Nuave =
2.48 + 3.52 × 10−5Ra− 1.20 × 10−3Ha+ 12.17ϕ−
5.02 × 10−7RaHa+ 9.46 × 10−5Raϕ− 0.067Haϕ

Dogonchi et al. [115]

Nuave =
1.36+7.32×10−5Ra−0.035Ha+4.097Rd−6.015×
10−7RaHa+ 3.046 × 10−5RaRd− 0.033HaRd−
3.73 × 10−10Ra2 + 2.11 × 10−3Ha2 − 4.61Rd2

Dogonchi et al. [93]

Nuave = 1.89 + 3.42 × 10−5Ra− 0.01Ha− 7.26ϕ+
5.34 × 10−3Da+ 2.54Rd− 1.51 × 10−7RaHa+
2.43 × 10−6Raϕ+ 6.21 × 10−12RaDa+ 2.04 ×
10−5RaRd+ 0.13Haϕ− 8.15 × 10−8HaDa−
0.04HaRd− 1.57 × 10−6ϕDa+ 5.21ϕRd+ 2.03 ×
10−6DaRd− 1.27 × 10−10Ra2 − 7.77 × 10−4Ha2 +
79.79ϕ2 − 4.72 × 10−5Da2 + 1.35Rd

2

Dogonchi et al. [149]

Nuave = 1.92 + 3.71 × 10−5Ra− 0.02Ha− 2.38ϕ+
2.98Rd+ 5.39 × 10−8RaHa+ 1.12 × 10−5Raϕ+
1.43 × 10−5RaRd+ 9.27 × 10−3Haϕ−
0.05HaRd− 4.49Rdϕ− 2.30 × 10−10Ra2 − 4.73 ×
10−4Ha2 + 1779.44ϕ2 + 0.43Rd2

Dogonchi et al. [163]

Nuave =
1.86 + 0.042m+ 0.64Rd+ 0.3Ra− 0.25Ha+ 7.0 ×
10−3mHa− 0.16RdHa− 0.3HaRd+ 1.4× 10−4m2

Vo et al. [148]

Where Da∗ = 0.01Da , Ha∗ = 0.1Ha

Table 5. Models/correlations utilised in numerical methods for MHD convection studies (non-
square cavities)

Thermophysical properties Reference

knf = kbf
knp+2kbf−2ϕ(kbf−knp)
knp+2kbf+ϕ(kbf−knp)

Mahmoudi et al. [166]

knf

kbf
=

−m (kbf−knp)ϕ+(knp−kbf)ϕ+mkbf+kbf+knp

mkbf+(kbf−knp)ϕ+kbf+knp
Sheikholeslami and Shamlooei [83]
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Thermophysical properties Reference

kB = 5 × 104βφρbf(cp)bf

√
kbfT

ρnpdnp
f(T, ϕ)

Where; β = 0.0137(100ϕ)
−0.8229

for φ < 1%.

β = 0.0011(100ϕ)
−0.7272

for φ [?] 1%.
f (T, ϕ) = (−6.04ϕ+ 0.4705)T+(1722.3ϕ− 134.63)
for 1% [?] φ [?] 4%.

Mliki et al. [120]

knf

kbf
= 1 +

64.7ϕ0.746
(
dbf

dnp

)0.369 (
knp

kbf

)0.7476
Pr0.9955 Re1.2321

Mahmoudi et al. [167]

knf
kbf

= 1 +
knpAnp

kbfAbf
+ cknpPe

Anp

kbfAbf

Where; kb = 1.38 x 10-23, c = 3.6 x 104,
Anp

Abf
= dbfϕ

dnp (1−ϕ) , dbf =
ubdnp

αbf
, ub = 2kbT

πµnfdnp
2

Mahmoudi et al. [123]

knf
kbf

= 1 + 4.4Re0.4
0.66

Pr

(
Tnf
Tfr

)10(
knp
kbf

)0.03

ϕ0.66

Where Re =
ρbfubdnp

µbf

Ghasemi and Siavashi [168]

knf = kbf(1 + 7.47ϕ) Bourantas et al. [169]
khnf =

kbf

(
(ϕnp1knp1+ϕnp2knp2)

ϕ + 2kbf + 2 (ϕnp1knp1 + ϕnp2knp2) − 2ϕkbf

)
×(

(ϕnp1knp1+ϕnp2knp2)
ϕ + 2kbf − (ϕnp1knp1 + ϕnp2knp2) + ϕkbf

)−1

Where φ = φνπ1 + φνπ2

Mansour et al. [170]

µnf = µbf

(1−ϕ)2.5 Mahmoudi et al. [123]

µnf =(
0.035µo

2H2 + 3.1µoH − 27889.4807ϕ2 + 4263.02ϕ+ 316.0629
)
e−0.01T

Sheikholeslami and Shamlooei [83]

µB = 5 × 104βφρbf(cp)bf

√
kbfT
ρnpdnp

f(T, ϕ) Mliki et al. [120]

µnf = −0.6967 +
(
15.937
T

)
+ 1.238ϕ+

(
1356.14
T 2

)
−

0.259ϕ2 − 30.88
(
ϕ
T

)
−
(
19652.74
T 3

)
+ 0.01593ϕ3 +

4.38206
(
ϕ2

T

)
+ 147.573

(
ϕ
T 2

)
Mahmoudi et al. [167]

µnf = µbf

1−34.87
(
dnp
dbf

)−0.3
ϕ

1.03 Ghasemi and Siavashi [168]

µnf = µbf(1 + 39.11ϕ+ 533.9ϕ2) Bourantas et al. [169]

µnf = −0.4491×10−3+ 2.8837×10−2

T−273.15 +0.574×10−3ϕ−

0.1634 × 10−3ϕ2 + 2.3053 × 10−2
(

ϕ
T−273.15

)2
+

0.0132 × 10−3ϕ3 − 2.354735
(

ϕ
(T−273.15)3

)
+

2.3498 × 10−2
(

ϕ2

dnp
2

)
− 3.0185 × 10−3

(
ϕ3

dnp2

)
Astanina et al. [159]

µhnf = µbf

(1−(ϕnp1+ϕnp2))
2.5 Mansour et al. [170]

σnf

σbf
=

σnp+2σbf−2ϕ(σbf−σnp)
σnp+2σbf+ϕ(σbf−σnp)

Mahmoudi et al. [167]
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Thermophysical properties Reference

σnf

σbf
= 1 +

3ϕ(
σnp
σbf

−1)
σnp
σbf

+2−ϕ(σnp
σbf

−1)
Bondareva et al. [133]

σnf = 2982.7ϕ+ 57.818 Bourantas et al. [169]
σnf

σbf
= 3679.049ϕ+ 1.085799 (T − 273.15)− 42.6384 Astanina et al. [159]

σhnf

σbf
= 1 +

3

(
ϕnp1σnp1

+ϕnp2σnp2
σbf

−(ϕnp1+ϕnp2)

)
(
ϕnp1σnp1

+ϕnp2σnp2
σbf

+2

)
−
(
ϕnp1σnp1

+ϕnp2σnp2
σbf

−(ϕnp1+ϕnp2)

)
Mansour et al. [170]

ρnf = (1 − ϕ) ρbf + ϕρnp Mahmoudi et al. [167]
ρhnf = (1 − ϕ) ρbf + ϕnp1ρnp1 + ϕnp2ρnp2 Mansour et al. [170]
(ρβ)nf = (1 − ϕ) (ρβ)bf + ϕ(ρβ)np Mahmoudi et al. [167]

(ρβ)hnf =
(1 − ϕ) (ρβ)bf + ϕnp1(ρβ)np1 + ϕnp2(ρβ)np2

Mansour et al. [170]

(ρCp)nf = (1 − ϕ) (ρCp)bf + ϕ(ρCp)np Mahmoudi et al. [167]

(ρCp)hnf =
(1 − ϕ) (ρCp)bf + ϕnp1(ρCp)np1 + ϕnp2(ρCp)np2

Mansour et al. [170]

αnf = knf

(ρCp)nf
Mahmoudi et al. [167]

αhnf = khnf

(ρCp)hnf
Mansour et al. [170]
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