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Abstract
This manuscript reviews most of the available papers on the
nanofluids convection in different shapes of cavities and
enclosures, applying a magnetic field. The papers have been
categorized into two major classes: natural convection and
mixed convection. Important research have been described
more and then two tables demonstrate a summary of the
papers. Statistical considerations are mentioned to realize
some helpful information on the scope. Most of the results
demonstrated that the heat transfer usually enhances with
an increase in nanoparticles volume concentration and
Rayleigh number and shows inverse behavior with growth
in the Hartmann number. The average Nusselt number will
decrease with any increase in the Richardson number.
Moreover, magnetohydrodynamic constraints the heat
transfer and therefore, can play as an applicable controller
of heat transfer applications.
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INTRODUCTION

Nanofluids (NF) were under much attention of thermal scientists and engineers, during the past two
decades due to their promising thermophysical properties. Historically, cooling systems suffered
from the relatively low potential of heat removal of conventional cooling fluids. Choi and Eastman1
introduced NF as a mixture of nanoscale particles suspended in conventional fluids. Although, this
idea was introduced for the first time by Maxwell.2 However, technical limitations in that era
constrained realizing such an idea. Generally, NF extraordinary thermophysical properties have been
proved through different studies compared to the conventional heat transfer fluids.3-10
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Nanofluids’ applications are shown today in heat exchangers,11-16 impingement jets,17-19
renewable energies,20-22 heating and tempering processes,23-28 automotive industries,29-31 electronic
cooling,32-34 lubrication,10,35-37 medicine,38-42 combustion,43-47 and so forth. Figure 1 shows the
different applications of NF.
This paper reviews all of the published literature on the NF convection in different cavities
using a magnetic field in two categories: natural convection and mixed convection. In each
section, some important papers have been described in details, and then all of the related papers
have been summarized in a table.
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S T U D I E S ON TH E M H D N F N A T U R A L C O N V E C T I O N

Kefayati48 used the Lattice Boltzmann method for simulation of natural convection with magnetic
field in a NF‐filled cavity with a sinusoidal temperature distribution. Their cavity is assumed to be
filled with water and copper nanoparticles in the presence of a magnetic field. The volume fraction
of nanoparticles is below 6%, and the Rayleigh number is in the range of 103 to 106. It is showed
that the results of simulation using the Lattice Boltzmann method have a good agreement with the
previous numerical investigations. He concluded that heat transfer decreases with a rise in
Hartmann number for various Rayleigh numbers. Moreover, the enhancement of the nanoparticles
volume concentration enhances the heat transfer in various Hartmann numbers at Ra = 105.
Sheikholeslami et al49 studied the natural convection heat transfer in a concentric annulus
between a cold square and heated elliptic cylinders, applying a magnetic field employing the
Lattice Boltzmann method. They maintained the square and elliptic cylinders at uniform
temperatures. They used Al2O3‐water NF with the nanoparticles volume concentration ranging
from 0% to 4%. Their results show that when the nanoparticle volume concentration and Rayleigh
number increase, the average Nusselt number enhances, but an inverse behavior is observed when

FIGURE 1

Important nanofluids applications32 [Color figure can be viewed at wileyonlinelibrary.com]
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Hartmann number increases. Furthermore, the heat transfer enhancement is an increasing
function of the Hartmann number and a decreasing function of the Rayleigh number.
In another interesting study, Sheikholeslami et al50 numerically investigated the MHD natural
convection of water‐based NF containing Al2O3 nanoparticles in an enclosure. The governing
equations took into account the effect of Brownian motion and thermophoresis parameters. They
found out that the Nu number is an increasing function of the buoyancy ratio number, but it
decreases with any increase in Lewis and Hartmann numbers. Moreover, it can be concluded that
as the buoyancy ratio number increases, the effects of other parameters are more pronounced.
Ali et al51 studied a NF natural convection flow in a differentially heated hexagonal
enclosure under a magnetic field. They assumed the NF as a CuO‐water mixture and used the
finite element method based on Galerkin weighted residual technique to solve the governing
equations. They presented results for Rayleigh number (103‐106), Hartmann number (0‐70), and
nanoparticle volume concentration (1‐5%). Figure 2 shows a schematic of their hexagonal
enclosure. A tilted hot square block is located at the center of the cavity whose side walls are
heated at temperature Th. The temperature of the top and bottom horizontal walls of the cavity
is assumed to be at temperature Th while the inclined walls are fixed at constant temperature
Tc, maintaining Th > Tc for all situations. They concluded that:
• The strength of flow circulations depends on the natural convection parameter, magnetic
field, and nanoparticle volume concentration.
• The NF average temperature enhanced with any increase in the Hartmann number and
nanoparticles volume concentration, but decreased for higher Rayleigh numbers.
• Increasing buoyancy parameter and nanoparticles volume concentration, as well as lowest
Hartmann numbers, have positive effects to enhance the heat transfer.
Mahmoudi et al52 simulated the alumina‐water NF natural convection in a cavity in the
presence of a magnetic field using the Lattice Boltzmann Method. Their important parameters were
as follows: nanoparticles volume concentration ranging from 0% to 6%, Rayleigh number ranging
from 103 to 106, Hartmann number ranging from 0 to 60, and magnetic field inclination degree
ranging from 0 to 180. They observed that for various Rayleigh numbers and for all magnetic field
direction, heat transfer, and fluid flow decrease with an increase in Hartmann number.

Schematic diagram of the hexagonal enclosure51 [Color figure can be viewed at
wileyonlinelibrary.com]

FIGURE 2
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Rashad et al53 conducted a numerical study on the entropy generation and magnetohydrodynamics (MHD) natural convection of copper‐water NF in an inclined square porous cavity
(Figure 3) with emphasis on the effects of a heat sink and source size and location. A uniform
heat source is placed in the bottom wall, and a part of the upper wall of the enclosure is
maintained at a relatively low temperature, while the remaining parts of these two walls are
insulated. They found the best location and the size of the heat sink and the heat source
regarding the thermal performance criteria and magnetic effects. Furthermore, the Nusselt
number decreases with any increase in the Hartmann number.
Sheikholeslami and Ellahi54 conducted a three‐dimensional mesoscopic simulation of MHD
NF natural convection in a cubic cavity. They applied the Lattice Boltzmann method to solve
the governing equations. Moreover, the effects of Hartmann number, nanoparticle volume
concentration, and Rayleigh numbers on hydrothermal behavior have been considered. Their
results demonstrated that the average Nusselt number enhances with the increase of Rayleigh
number and the decrease of Hartmann number and hence a magnetic field can be used as an
effective mechanism to control the convection inside a cavity. Figure 4 shows one of their
important results. The direct relationship of the Nu number with Rayleigh number and its
inverse relationship with Hartmann number has been shown in this figure.
A total of 49 papers about NF natural convection in cavities and enclosures have been
found in literature. Table 1 summarizes all the important published studies on the MHD NF
natural convection in cavities and enclosures. Almost all of studies have proved that there is
noticeable enhancement in heat transfer characteristics of NF compared to the base fluids.
Interestingly, the maximum reported Nusselt number enhancement is 266% using
nanoparticle volume concentration up to 5%. Moreover, the enhancing heat transfer
characteristics of NF against any increase in nanoparticle volume concentration have been
proved in all of studies. On the other hand, a few studies have been concentrated on the
pressure drop investigation of NF flow in enclosures. More numerical and experimental

Schematic diagram of the inclined porous cavity53 [Color figure can be viewed at
wileyonlinelibrary.com]

FIGURE 3
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FIGURE 4

Effects of Rayleigh number and Hartmann number on the local Nusselt number of hot wall
when the nanoparticle volume concentration is 0.0454 [Color figure can be viewed at wileyonlinelibrary.com]

studies devoted on the NF pressure drop are needed to understand the trade‐off between more
energy efficiency and more required pumping power.
Furthermore, most of studies on the NF natural convection have shown that there is a direct
relationship between Rayleigh number and heat transfer. A magnetic field also can limit the
heat transfer and therefore, can be used as a controlling method.

Square

Square

Square

Square

Square

Numerical

Ashorynejad
Numerical
and Shahriari57

Numerical

Numerical

Numerical

Numerical

Alsabery et al56

Balla et al58

Benzema et al59

Bondareva
et al60

Bourantas and
Loukopoulos61

3

4

5

6

7

8

Square

Tilted Square
Hexagonal

Numerical

Ali et al51

2

C‐shaped

Numerical

Geometry

Abedini et al55

Type of
study

1

References

Laminar

Laminar

Laminar

Laminar

Laminar

Laminar

Laminar

Laminar

Flow
regime

Water

Water

Water

103‐105

10‐103

105

Water

Water

102‐106

104‐106

Water

103‐106

Water

Water

105

10‐1000

Base
fluid

Ra
number

Al2O3

Cu

Al2O3

Cu, Al2O3,
TiO2, and
SiO2

Cu, Al2O3

Al2O3

CuO

Fe3O4

Nanoparticle
material

0‐5

0‐2

…
1‐100

0‐7

0.1‐3

…

100

0‐4

0‐4

1‐5

0‐4

100

33

100

100

Nanoparticle
size, nm

Nanoparticle
concentration, %
Remarkable findings

Nu number depends strongly upon the
strength and orientation of the magnetic
field, the inclination of the enclosure and
the nanoparticle volume concentration.
The implementation of a magnetic field
considerably reduces the local Nu
number.

…

ET AL.

(Continues)

An increase in the Ha number will reduce
the heat transfer performance.

The Nu number is enhanced with the
increasing of the Ha number.

…
…

The heat transfer enhances with any
increase in Ra number. However, the
strength of the flow decreases with the
increase in the magnetic parameter.

The mean Nu number enhances with any
increase in the nanoparticles volume
concentration for all cases of Ra and
Hartman numbers.

The nanoparticles migration is increased by
thermophoresis effect and Brownian
motion.

The heat transfer enhancement id highly
depends on the buoyancy parameter and
nanoparticles volume concentration, as
well as lowest Ha.

The Nu number is enhanced by increasing
the enclosure aspect ratio (AR) and
nanoparticles volume concentration.

…

…

23.8

266.15

…

Maximum
heat transfer
enhancement, %

T A B L E 1 The summary of the most published works on the nanofluids natural convection in enclosures under a magnetic field

MOLANA

|
1423

Square

L‐shaped

Square

Dogonchi et al63 Numerical

Ghaffarpasand65 Numerical

Numerical

Numerical

Numerical

Numerical

Doostani et al64

Jahanbakhshi
et al66

Javaherdeh
et al67

Kefayati48

Kefayati68

10

11

12

13

14

15

16

Square

Square

Square

Numerical Square
Experimental

Triangular

Geometry

Dogonchi et al62 Numerical

Type of
study

9

References

T A B L E 1 (Continued)

Laminar

Laminar

Laminar

Laminar

Laminar

Laminar

Laminar

Laminar

Flow
regime

Base
fluid
Water

Water

…

Water
…

Water
Water

Water

Ra
number
103‐106

103‐104

105‐107

103‐107
103‐105

103‐105
103‐105

103‐105
Cu

Cu

CuO

…

Fe3O4

Iron

Cu

Cu

Nanoparticle
material

0‐6

0‐15

…

…

…

0‐6

…

…

…

1‐100

…

0‐4

…

…

0‐4

…

Nanoparticle
size, nm

Nanoparticle
concentration, %

80

…

0‐5

…

…

…

…

…

Maximum
heat transfer
enhancement, %
Remarkable findings

|
(Continues)

A magnetic field can reduce the heat
transfer at high Ha number of Ra = 103
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concentration leads to decrease heat
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field.
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The average Nu number grows with any
increase in the Ra number, and it
decreased with the increasing of the Ha
number.
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radius of the hot semicircle enhances the
average Nu number.
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STU DIE S ON TH E MH D N F MI X ED C O N V EC T IO N

Research on the mixed convection in cavities and enclosures have a five‐decade history. In a
wide range of cavity applications like electronic cooling,96-98 drying processes,99-101 heating and
tempering processes,102-104 porous media105-107 there are natural convection and forced
convection it the same time with considerable importance. It seems that the studies of Torrance
et al108 and Ghia et al109 were the earliest one in numerical research in the field of lid‐driven
mixed convection in the cavity. Experimentally, Prasad and Koseff110 demonstrated that the
convective heat transfer is weakly correlated with the Grashof number within their tested range
of Re number. Moreover, Khanafer and Chamkha111 considered the convective heat and flow in
a lid‐driven cavity saturated with a porous medium, seemingly for the first time.
Chamkha et al112 studied the effects of partial slip on entropy generation, and MHD combined
convection in a lid‐driven porous enclosure saturated with a copper‐water NF, numerically. They
used the finite volume method to solve the dimensionless governing equations. Their strange
result was that when the volume fraction is raised, the Nusselt number and entropy generation
are reduced. Also, they introduced a new parameter named thermal performance ratio as:

ε+ =

S+
,
Nu+

(1)

where Nu+ and S+ are the Nusselt number ratio and total entropy generation ratio, respectively,
and represented by:

Nu+ =
S+ =

Num
,
(Num )φ =0

(2)

S
.
(S )φ =0

(3)

Figure 5 shows the variation of the thermal performance ratio with the nanoparticles volume
concentration for different Richardson number. As one might conclude, the thermal
performance ratio increases with an increase in the nanoparticles load. However, it is clear
that the enhancement for low Richardson numbers is much more than those of high

FIGURE 5

Variation of thermal performance ratio vs the nanoparticles volume concentration112
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Richardson numbers. Interestingly, they found that a raise in the nanoparticle volume
concentration reduces the average Nusselt number for all values of the Richardson number.
Elshehabey and Ahmed113 simulated the NF mixed convection in a lid‐driven cavity in the
presence of a magnetic field. They assumed sinusoidal temperature distribution on both vertical
walls and the horizontal walls are kept adiabatic. Moreover, they used Buongiorno’s NF model.
Their results demonstrated that the presence of an inclined magnetic field in the flow region
leads to losing the fluid movement. The fluid flow also is dominated by the movement of the
upper wall in the case of the highest values of the buoyancy ratio.
Selimefendigil and Oztop114 conducted a Numerical study of MHD mixed convection in a
lid‐driven square enclosure with a rotating cylinder filled with NF. They investigated the effects
of following parameters in the mentioned range on the thermal performance as the Richardson
number (0.001‐10), Hartman number (0‐50), the angular rotational speed of the cylinder (−10 to
10), and nanoparticles volume concentration (0‐5).
Figure 6 shows the streamlines and isotherms for various Hartmann numbers at Richardson
number of 1, nanoparticles volume concentration of 0.02, and angular rotational speed of 5. As
shown, the strength of the recirculation zones reduces when the Hartmann number grows.
Isotherms are also affected by the variations in Hartmann number. An increase in the Hartmann
number leads isotherms becoming less dense for the left half of the bottom wall and become
denser towards the right end of the bottom wall. Moreover, they found that “Thermal boundary
layer becomes thicker (decreasing heat transfer) along the left half and thinner (increasing heat
transfer) along the right half of the bottom wall as the Hartmann number increases.”
Rashad et al115 studied the effect of using copper‐water NF (in a range of 0% to 10% vol) on the
mixed convection in a lid‐driven square enclosure in the presence of a magnetic field. A segment

Streamlines and isotherms for various Hartmann numbers114 [Color figure can be viewed at
wileyonlinelibrary.com]

FIGURE 6
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of the left wall is assumed as a heat source. Meanwhile, a heat sink is placed on the right wall of
the enclosure. The remainder walls are thermally insulated. They utilized the control volume
method to discretize the governing equation. They observed that the shortest length of the heat
source/sink localized midway of the vertical walls give the maximum convective heat transfer,
and the best direction of the horizontal walls is that when they are both lid‐driven to the left. For
powerful applied magnetic field, the lid direction becomes inactive.
Selimefendigil and Oztop116 used the Arbitrary‐Lagrangian‐Eulerian method to simulate the
fluid motion with the elastic wall in a lid‐driven cavity filled with copper‐water NF in the
presence of a magnetic field. One of their most interesting results is that the local heat transfer
enhances with an increase in the Richardson number. Moreover, the average heat transfer is
enhanced by 239.35% at Richardson number of 100 compared to the case at Richardson number
of 1 (when the portion of natural convection is the same of as the forced convection).
Mixed convection of NF in cavities and enclosures has attracted less attention of researchers
and scientists compared to those of natural convection. However, all of studies have
demonstrated a significant enhancement in heat transfer characteristics using NF compared
to the base fluids. The maximum reported enhancement is 80% that is much lower than the
maximum reported enhancement of natural convection (266.15%). Moreover, it is observed that
heat transfer reduces with any increase in the Hartmann number. The local and averaged
Nusselt number also deteriorates as the order of the magnetic field enhances due to the
suppression of the convection with magnetic field. All of the published studies on the MHD NF
mixed convection have been summarized in Table 2.

4
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S T A T I S T I C A L C ON S I D E R A T I ON S

We found 71 published papers at Elsevier and Springer databases, on the NF MHD convection
in enclosures, 49 papers for natural convection, and 22 papers for mixed convection. It is
evident that the natural convection has attracted more attention than the mixed convection.
Maybe because of the more frequent applications of natural convection phenomena.
However, these two research fields have approximately the same history. The first papers
on the two above‐mentioned field were published in 2012. It could be concluded that these are
new and interesting scopes of work and will attract more attention than before. The absolute
majority of the studies have been conducted numerically. It seems that this is because of
the difficulties in preparing experimental setups including cavities with different temperature
walls in the real world. Therefore, the world’s heat transfer community need some
experimental studies to know what really happens when one applied a magnetic field on a
NF‐filled cavity.
Figure 7 shows the frequently used shapes of cavities and enclosures in the literature (51
cases for square enclosures, seven cases for round enclosures, three cases for trapezoidal
enclosures, one case for triangular enclosures, and six cases for the other shapes). As can be
seen, square cavities (including cubic and rectangular) are the most common studied shapes by
75%, followed by round cavities such as circular, semiannulus, and cylindrical (10%), other
shapes like C‐shaped, L‐shaped, U‐shaped, and hexagonal (9%), trapezoidal (4%), and triangular
(2%), respectively. The heat transfer community needs to know the thermal and hydrodynamic
behavior of NF in the presence of a magnetic field in more diverse shapes, especially for high‐
tech applications. Interestingly, all of the studies on this field have been conducted for water‐
based fluid and under the assumption of the laminar flow regime.
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Frequent Cavity Shapes in the Literature
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FIGURE 7

The frequently used shapes of cavities and enclosures [Color figure can be viewed at
wileyonlinelibrary.com]

The most used nanoparticles in the literature (23 cases for Al2O3, 18 cases for Cu, 14 cases
for CuO, 3 cases for Ag, 3 cases for TiO2, 3 cases for Fe3O4, and 4 cases for other material) have
been shown in Figure 8, including Al2O3 (34%) as most attractive nanoparticles followed by Cu
(27%), CuO (21%), and other nanoparticles like SiO2, carbon nanotubes, Fe and Al (6%), Fe3O4
(4%), TiO2 (4%), and Ag (4%), respectively. It is evident that oxide nanoparticles have attracted
much of the attention (63%) compared to the other type of materials.
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Most of the literature on the MHD convection in NF‐filled cavities and enclosures have been
reviewed and classified into two major categories named natural convection and mixed
convection. The most frequent results are as follows:
1. An increase in the nanoparticles volume concentration leads to enhance the heat transfer.
However, there are some reports on decreasing heat transfer with an increase in the
nanoparticles volume concentration based on Hartmann and Richardson numbers.
2. The average heat transfer increases with any increase in Richardson number and has an
inverse relationship with the Hartmann number.
3. Implementing and increasing the order of the magnetic field can reduce the heat transfer
and also a magnetic field can be used as an effective mechanism to control the convection
inside an enclosure.
4. Ra number growth may enhance the local Nusselt number, in nanofluids natural convection.
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FIGURE 8

The most frequent used nanoparticles [Color figure can be viewed at wileyonlinelibrary.com]

Experimental studies on cavities and enclosures are highly demanded. Unfortunately,
enormous endeavors to build an experimental setup were fruitless. Heat transfer community
including researchers and engineers really need some experimental results to validate their
numerical results. Moreover, there are little results about NF pressure drop in cavities and
enclosures. More investigation of nanofluids required pumping power are highly recommended.
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