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Abstract The study of fluid flows in a cavity and their effect on thermal performance in heat
transporting and entropy generation are found in many heating and cooling engineering applications such as energy storage geothermal reservoirs, boilers, solar collectors, underground
water flow, lakes, nuclear reactors. This paper presents a comprehensive review of the recent
numerical and experimental studies on both heat transfer and entropy generation and their
applications in cavities. The effect of the fluid thermal properties, the cavity configuration, the
boundary, and initial conditions, the magnetic field, the thermal source discretion, and other
geometrical and physical parameters on heat transfer and entropy generation are discussed.
This study also presents the effect of several important dimensionless parameters such as the
Reynolds, Richardson, Grashof, Rayleigh, Darcy, Hartmann, and Prandtl numbers on both
natural and combined convection heat transfer mechanisms in cavities.
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Reynolds number
Richardson number
Temperature (°C)
x-Axis velocity component (m/s)
y-Axis velocity component (m/s)
Nanoparticle volume fraction

Greek symbols
α
β
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μ
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Thermal diffusivity (m2 /s)
Magnetic field intensity
Non-dimensional temperature
Dynamic viscosity (kg m/s)
Density (kg/m3 )
Cavity inclination angle

1 Introduction
Studying convection heat transfer and fluid flow in cavities is of high interest because of
their wide engineering applications such as solar thermal systems, heat exchangers, cooling/heating of buildings, room ventilation, cooling of electronic devices, drying devices,
thermal energy storage systems, fuel cells, storage tanks, geothermal systems, nuclear and
chemical reactors, and food processing. The convection heat transfer in cavities can be
defined as the energy and mass interaction between the surrounding (of regular or irregular
flow regime) with the working fluid flowing inside the cavity; this is due to thermal nonhomogeneity and pressure differences inside the cavity. This interaction could be natural,
mixed, and forced convection according to the ratio between the buoyance and the external
forces. Several boundary and initial conditions, working fluid properties, cavity shapes, and
heat source configurations motivated researchers to investigate theoretically, numerically,
and experimentally the problems faced in the convection heat transfer in cavities.
A wide number of studies considered the effect of other parameters on heat transfer rate
and fluid flow in cavities. These parameters include the porosity, the partial or complete
presence of a magnetic field, and the superior thermal properties of unconventional working
fluids. This paper presents a comprehensive literature review on convection heat transfer in
the cavity, including theories, parameters’ effects, and different applications. Besides, the
effect of various working fluids such as the phase change material, nanofluids, and rarefied
fluid is discussed and compared with conventional fluids. Furthermore, experimental and
numerical investigations have been compared to existing theories. Indeed, that would benefit
the real-world requests in the field of heat transfer and energy collection related to both
natural and combined convection heat and mass transfer in cavities.

2 Natural convection heat transfer in cavities
Natural convection is found in many thermal engineering applications where heat removal
occurs without any external motion. The advantages of natural convection are utilized in
several heat transfer applications such as solar collectors, cooling of electronic devices,
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heat exchangers, energy storage tanks, among others. Therefore, several types of research
investigated the phenomenon of natural convective heat transfer and flow dynamics in cavities
using theoretical, numerical, and experimental approaches [1, 2].
One of the main disadvantages of natural convection is the low heat transfer rate between
the fluid and the walls. This led to developing enhancement methods of the heat transfer rate
such as improving the thermophysical properties of working fluids, designing cavities with
complex geometries, using cavities filled with a porous media, attaching fins to the wall(s),
or/and applying magnetic field [2–5]. The study of natural convection is based on the specific
requirements of each engineering application. The complexity of theoretical studies related
to the performance of the real systems exists. Therefore, researchers modified the simple
enclosures to make their predictions more realistic. For example, adding a flexible partition
that divides the cavity is used to study the effect of two different fluids on natural convective
heat transfer in chemical reactors. In solar collectors, the shape of the cavity is irregular and
inclined, and in the geothermal application, the porosity and magnetic field are present. In this
paper, a discussion of the recent numerical and experimental research on natural convection
heat transfer in cavities is provided.
2.1 Numerical studies of natural convection in cavities
The benefit of numerical investigation is noticeable in the area of natural convection heat
transfer and fluid flow inside cavities, particularly for solving problems that may be difficult
to achieve experimentally. In general, the following conservation of mass, momentum, and
energy equations have been used by authors to solve the natural convection heat transfer and
fluid flow inside cavities.
⎧ ∂u ∂v
⎪
∂x + ∂y  0
⎪

 2
⎪
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∂ u
∂2u
⎪
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∂y

∂x2

∂ y2

(1)

s

where u is the x-axis velocity component, v is the y-axis velocity component, k is the thermal
conductivity, p is the pressure, μ is the dynamic viscosity, ρ is the density, g is the gravitational
acceleration, T is the temperature, Q s is the heat source, and ∅ the cavity inclination angle.
Sathiyamoorthy and Chamkha [6] studied the effect of the flow and natural convection
heat transfer rates inside an inclined square cavity. They exposed an external magnetic field
to the electrically conducting liquid gallium. The heating process was induced uniformly
through the cavity bottom wall in addition to the linear heating or cooling from sidewalls
while the top wall is kept insulated. They utilized the finite-element method for solving the
set of non-dimensional equations (Eq. (2)) of high Rayleigh number Ra with different values
of Hartmann number Ha and inclination angle ∅.
⎧ ∂U ∂ V
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∂ X + ∂Y  0
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∂P
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Fig. 1 Schematic diagram of convection heat transfer in an oblique cavity [7]

where U and V are denoted to the non-dimensional velocities components in non-dimensional
axes X and Y , respectively; θ is the non-dimensional temperature.
Natural convection heat transfer in an oblique enclosure exposed to different heating methods was studied numerically [7]; fixed fin with a flexible oscillating motion was considered
on the bottom wall. Important parameters such as the ratio of the heated fin, the working
fluid thermal conductivities, Young’s modulus of fin material, the amplitude of oscillating,
and the inclination angle were considered. The schematic diagram of their physical model
is shown in Fig. 1. The governing equations used to solve the system are the dimensional
conservation equations of the arbitrary Lagrangian–Eulerian (ALE) formulation (Eq. 3) with
the geometrically nonlinear elastodynamic structural displacement. The energy of the fin in
dimensional form is in Eq. 4.
⎧
∗ 0
⎪
⎨ ∇.u
∂u ∗
1
∗
∗
∗
2 ∗
(3)
∂t ∗ + (u − w ).∇u  − ρ f ∇ P + ϑ f ∇ u + βg(T − Tc )
⎪
⎩ ∂ T + (u ∗ − w ∗ ).∇T  α ∇ 2 T
f
∂t ∗
ρs

d 2 ds∗
dt ∗2

∂T
∂t ∗

− ∇σ ∗  Fv∗
 αs ∇ 2 T

(4)

where u ∗ and w ∗ represent the vectors of fluid velocity and its moving coordinate, P ∗ is the
fluid pressure, Fv∗ represents the applied force, while T is the solid/fluid temperature, and all
of these symbols are in dimensional form. The density and thermal diffusivity are denoted by
ρ and α with subscripts of f and s for fluid and solid, respectively. The solid displacement
vector is denoted by ds∗ , while the stress tensor is represented by σ ∗ .
It should be mentioned that extensive forms of governing equations can be integrated
into modeling and simulation for solving natural convection heat transfer [8]. Different configurations and boundary conditions can be extensively studied. Formulations of governing
equations of steady-state such as pressure, velocity, stream–vorticity, and vorticity-velocity
modulation in addition to the modification of the well-known Darcy, Brinkman, and Forchheimer models for porous media simulations can be taken into consideration. Previous studies
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have shown that most of the numerical solutions of natural convection in enclosures were
implemented using powerful numerical tools such as finite-difference, finite-volume, finiteelement, and lattice Boltzmann methods.
Numerical natural convection heat transfer is analogous to heat transfer performance in
the presence of a fluid flow. Recently, researches focused on the vast application of cavity in
thermal engineering using conventional fluids or different kinds of nanoparticles suspended
in it. Researchers have paid significant attention to improving the performance of natural
convection heat transfer in cavities. Generally, the natural convection heat transfer studies
focused on cavity shape, heating source, boundary conditions, working fluids, and some
additional system properties such as adding a magnetic field, the porosity of the space,
adding a different shape of solid materials with a different location inside cavities, among
others. Table 1 presents a summary of numerical studies that investigate the natural convection
heat transfer in cavities. The available research in the literature is presented according to the
used numerical method, cavity shape, Heating source condition, working fluid with a needed
system description, and main remarks.
2.2 Numerical studies of mixed convection heat transfer in cavities
Mixed convection results from combining free and forced convection heat transfer and fluid
flow. Therefore, the fluid motion is caused by two mechanisms: the buoyance force caused by
thermally non-homogeneity boundaries and the pressure force caused by the movement of
one or more cavity walls. As a result, the ratio of buoyancy to shear forces can be represented
by the Richardson number. Merging these forces can be of significant benefit in the thermal
application and industrial processes such as float glass production, food processing, nuclear
reactors, solar ponds, and crystal growth [55]. Many review articles have been written to
describe the systems of mixed convection heat transfer in cavities. Working fluids, geometries,
and some types of heating systems have been reviewed separately due to a significant amount
of published papers and problem descriptions in cavities within the last two decades.
The phenomenon of mixed convection heat transfer can be seen in the cavity using nanofluids or non-Newtonian fluids [55]. Mixed convection heat transfer and fluid flows have shown
significant importance under channels [56]. With different cavity shapes, some of the studied
parameters are the buoyancy-induced force, flow in porous media, and viscous fluid-filled
media. Besides, the entropy generation caused by combined convection through energy systems was also considered. The mixed convection for different cavity shapes was well reported
in the literature [57].
Many authors mainly focused on the effect of nanofluids and the geometry of the cavity on
mixed convection. The most important parameter in mixed convection is the ratio of Grashof
and Reynolds numbers, which is called the Richardson number. This number can be identified
with mechanisms between natural and forced is dominant. Therefore, mixed convection heat
transfer is widely used for a lid-driven cavity.
For example, mixed convection heat transfer in a square cavity heated by a square solid
cylinder fixed at the center of the cavity was studied [58]; the cavity was vented with a
conventional fluid with a Prandtl number equal to 0.71. All the cavity walls were adiabatic
except the left wall which was kept at constant cold temperature. Three configurations of
external flow entering the cavity were reported [58], as shown in Fig. 2. The authors found
that the average Nusselt number enhanced as Reynolds and Richardson’s numbers increased.
Also, they showed a significant role of the cavity and heating source geometries and the way
the external flow enters the cavity.
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Numerical method

Finite-element

Finite-difference

Finite-element

Finite-difference

Finite-element

References

Sathiyamoorthy and
Chamkha [6]
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Mansour et al. [9]

Sathiyamoorthy and
Chamkha [10]

Chamkha and Ismael [11]

Parvin and Chamkha [12]

Different walls
temperature

Cu/water nanofluid

Al2 O3 , Cu, and
TiO3 /water nanofluids
-saturated porous medium

Liquid metals/MHD with
different strength and
angle

Unsteady
MHD/fluid-saturated
porous medium

Liquid gallium with a
uniform magnetic field
and high Rayleigh
number

Working fluid/system
description

Using the nanofluid
caused increasing in
entropy generation,
Nusselt number, and
Bejan number

The significant
enhancement was
observed at high
nanoparticles volume
fraction and low
Rayleigh number

The convective heat
transfer rate reduced
with increasing
magnetic field’s
strength and inclined
angle

The magnetic field force,
inclination angle,
Rayleigh number, and
the heating condition
caused changes in the
fluid temperature

Nusselt number decreases
as the Hartmann
number increases in
nonlinear form
regardless of inclination
angle

Remarks
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Odd-shaped cavity with a
horizontal and a vertical
portions

Heated by a triangular
thick wall

Uniformly and linear
heated adjacent walls

Internal heat generation

Uniformly bottom wall
and linearly heated
sidewalls

Heating condition
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Square cavity

Square cavity

Inclined square cavity

Inclined square cavity

Cavity shape

Table 1 Summary of reported numerical investigations of the natural convection heat transfer in cavities
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Numerical method

Finite-difference

Finite-volume

Finite-volume

Finite-difference

Finite-difference

References

Mansour et al. [13]

Jena et al. [14]

Alsabery et al. [15]

Ismael et al. [16]

Arbin et al. [17]

Table 1 continued

Partially heated side

Hot triangular solid wall

Sinusoidal temperature
variations

Partially heating walls

Two heat sinks fixed on
top and bottom walls

Heating condition

Water-based
fluid/investigated both
opposing and aiding
flow

CuO–water
nanofluid/saturated
porous medium

Ag, Cu, Al2 O3 , or TiO2
water-based
nanofluid/partially
porous medium with a
thick bottom wall

Non-Newtonian fluid

Cu/water nanofluid with a
tilted magnetic field

Working fluid/system
description

Heat and mass transfer
mechanisms were
affected by the heater
segment length

Entropy generation and
Nusselt number had a
positive relation with
thermal conductivity
ratio where the solid
thickness did not

Thermal performance
was enhanced
significantly at a high
thermal conductivity of
nanofluid and the solid
wall thickness

Heat and solute mass
transfer rates are
maximum for a
pseudo-plastic fluid
compared to the same
for Newtonian and
dilatant fluids

Lowest value of entropy
generation was in the
center of the cavity and
tilted magnetic field
enhanced heat transfer

Remarks
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Open top square cavity

Square cavity

Square cavity

Square cavity

Square cavity

Cavity shape
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Numerical method

Finite-volume

Finite-element

Finite-volume

Finite-element

References

Chamkha et al. [18]

Jamesahar et al. [19]

Alsabery et al. [20]

Shekar et al. [21]

Table 1 continued
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Different walls
temperature

Saturated water-based
fluid porous
medium/Uniform
magnetic field

Half filled with porous
silver–water nanofluid
and the other with
non-Newtonian fluid

Water-based
fluid/different density
of membrane

CuO-water
nanofluid/uniform
magnetic field

Working fluid/system
description

The rate of heat and mass
transfer enhanced with
the strength of the
magnetic field, angle of
inclination, and Dufour
number

Convection heat transfer
in the cavity was
affected by the volume
fraction of
nanoparticles and
inclination angle

Changing the shape of the
membrane was due to
interaction between the
fluid and membrane
according to buoyancy
forces and the
membrane weight
The heat transfer with a
rigid membrane was
smoothly lowered than
of a flexible membrane

The increase of
nanoparticles
concentration caused
increasing the entropy
generation rate and
enhancing the natural
convection

Remarks

Eur. Phys. J. Plus

Inclined square cavity

Different walls
temperature

Different walls
temperature

Different walls
temperature

Heating condition
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Inclined trapezoidal
cavity

Square cavity with a
diagonal partition

C-Shaped cavity

Cavity shape
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Numerical method

Finite-difference

Finite-element

Finite-element

Finite-difference

Finite-difference

References

Alsabery et al. [22]

Ghalambaz et al. [23]

Ghalambaz et al. [24]

Alsabery et al. [25]

Alsabery et al. [26]

Table 1 continued

Different ways heated
finite thickness wall and
sidewalls were
maintained at
isothermal cold
temperature

Different walls
temperature

Different walls
temperature

Heated vertical walls

Sinusoidal heating source
and heated thick solid
wall

Heating condition

The inclination angle of
the cavity and nanofluid
type were the main
factors that affect the
heat transfer rate
Overall heat transfer
increased with
decreased thickness of
the solid wall

Water-based fluid/local
thermal nonequilibrium
porous cavity

The volume fraction of
nanoparticles and their
thermophysical
properties were the
parameters that affected
the rate of melting
process in natural
convection

The rate of the melting
process decreased with
an increase in the
inclination angle and
Hartmann number

Heat transfer was affected
by the heating source
and the heated solid
wall thickness

Remarks

Ag, Cu, and TiO2 - water
nanofluids/partially
porous medium

Water-based fluid with
solid and liquid
phase/existing hybrid
nanoparticles

Water-based fluid with
solid and liquid
phase/uniform magnetic
field

CuO-water
nanofluid/saturated
porous medium

Working fluid/system
description

(2021) 136:353

Square cavity

Inclined trapezoidal
cavity

Square cavity

Inclined rectangular
cavity

Square cavity

Cavity shape
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Numerical method

Finite-element

Finite-element

Finite-volume

Finite-difference

References

Sabour et al. [2]

Mehryan et al. [27]

Alkhalidi et al. [28]

Alsabery et al. [29]

Table 1 continued

123
Different temperatures at
the two opposing
corners

Different temperatures at
horizontal walls

Insulated top and bottom
walls and left side is
maintained at high
temperature, while the
right wall is exposed to
sinusoidal cooled
temperature

Different sidewalls
temperatures

Heating condition

Al2 O3 –water nanofluid/a
solid square is centered
inside the cavity

Thermal conductivity
ratio and solid block
size can be used to
optimize the cavity heat
transfer, which was
cooled and heated
partially at the opposing
corner

Heat transfer rate became
significant at high
Rayleigh number and
low aspect ratio

Deformation of the
impermeable membrane
was affected by the
Rayleigh number, the
inclined angle, and the
sinusoidal distribution
amplitude

Water-based fluid/a thick
flexible membrane has
partitioned the cavity

Microfluidic/low-pressure
cavities

Heat transfer rate was
strongly dependent on
volume fraction and
type of nanoparticles

Remarks

Kerosene- Al2 O3 and
water- Al2 O3
nanofluids

Working fluid/system
description
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Square cavity

Rectangular microcavity

Inclined square cavity

Square cavity

Cavity shape
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Numerical method

Finite-difference

Finite-difference

Finite-difference

Finite-difference

References

Chamkha et al. [30]

Rashad et al. [31]

Alsabery et al. [32]

Alsabery et al. [33]

Table 1 continued

Cold top wall and hot
corner

Hot bottom wall and cold
segments in other walls

Internal uniform heat flux
from below

Different temperatures
between the upper solid
wall and the lower
curve wall

Heating condition

Al2 O3 –water
nanofluid/solid cube at
the center

Al2 O3 –water
nanofluid/solid cube at
the center

Enhancing the heat
transfer rate was
dependent on block
size, block thermal
conductivity, and
volume fraction of
nanoparticles

The average Bejan
number was dependent
on the inner solid
dimension,
nanoparticles volume
fraction, and cold
segments

Significant effect of
hybrid nanofluid on
convection heat transfer
was at a low value of
Rayleigh number

Increasing the thermal
conductivity ratio
caused a high value of
Bejan number and
entropy generation
The entropy generation
occurred along with the
internal solid–porous
interface

Newtonian fluid/saturated
porous medium

Cu- Al2 O3 -Water hybrid
nanofluid/uniform
magnetic field

Remarks

Working fluid/system
description
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Square cavity

Inclined square cavity

Triangular cavity

Semicircular cavity

Cavity shape
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Numerical method

Finite-difference

LBM

Control-Volume-based
finite-element method

Finite-difference

References

Miroshnichenko et al.
[34]

Izadi et al. [35]

Chamkha et al. [36]

Alsabery et al. [37]

Table 1 continued

123
Adiabatic top wall, while
the remaining walls
were kept at low
temperature with
segments of hot
temperature were
placed on these walls

Different sidewalls
temperature

Cold inner walls with an
inside heat source

Cold sidewalls

Heating condition

The effect of the cavity
geometry was
negligible at a high
Rayleigh number

The presence of surface
radiation caused an
increase in the average
Nusselt number, while
the thermal plume and
flow pattern inside the
cavity was dependent
on the heater location

Remarks

Al2 O3 –water
nanofluid/inner solid
block

The heat transfer rate was
increased nonlinearly
with the nanoparticles
volume fraction,
thermal conductivity
ratio, and centered solid
block size

Cu-water
Rayleigh number,
nanofluid/magnetohydrodynamic
radiation parameter, and
nanofluid volume
fraction are parameters
that have a positive
effect on local and
average Nusselt
numbers

Al2 O3 –water nanofluid

Air

Working fluid/system
description
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Square cavity

C- Shape cavity

Square cavity

Cavity shape
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Numerical method

Finite-difference

Finite-element

Finite-volume

Finite-volume

References

Rashad et al.[4]

Alsabery et al. [38]

Al-Kouz et al. [39]

Al-Kouz et al. [40]

Table 1 continued

Hot side with two solid
fins and the opposite
wall is isothermal cold
temperature

Hot side with two solid
fins and the opposite
wall was at cold fixed
temperature

Cold flexible wall and hot
segment placed on the
opposite side

Adiabatic walls with two
different temperature
segments placed on
opposite sides

Heating condition

Thermal performance of
natural convection
could be enhanced by
existing the two solid
fins on the hot side
Thermal performance of
natural convection can
be enhanced by existing
Al2 O3 nanoparticles in
the low-pressure air and
the two solid fins on the
hot side

Gaseous with low
pressure

Al2 O3 -Air nanofluid with
low pressure

The shape of the flexible
side was changed due to
the flow of natural
convection and transient
heat transfer was
depended on the solid
cylinder condition

Hartmann and Nusselt
numbers decrease when
the volume fraction of
nanofluid decreases and
depends on the
magnetic field and the
location of the heat
source

Cu-water
nanofluid/magnetic
effects on porous media

Water-based fluid/solid
cylinder in the center

Remarks

Working fluid/system
description
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Square cavity

Inclined square cavity

Square cavity with the
flexible right wall

Inclined square cavity

Cavity shape
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Numerical method

Finite-difference

Finite-volume

LBM

LBM

References

Gibanov and Sheremet
[41]

Al-Rashe et al. [42]

Izadi et al. [43]

Ma et al. [44]

Table 1 continued
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A hot rectangular obstacle
and cold top inner wall

MWCNTs-water
nanofluid

MWCNT-Fe3 O4 /water
hybrid nanofluid

Heat transfer coefficient
and Nusselt number
have been affected by
the location of the
heating source, volume
fraction of
nanoparticles and
Rayleigh number

The aspect ratio of the
heat source block plays
the main role in
enhancing the heat
transfer rate and the
best location of it was at
the center of the cavity

The location of the
magnetic field, volume
fraction of
nanoparticles,
Hartmann number, and
the active zone height
had the main role in
changing the heat
transfer rate

Convection heat transfer
and fluid flow were
significantly affected by
the dimensions and
location of the
trapezoidal heater

Water-based fluid

CNT-nanofluid/magnetic
field was applied to the
upper half first

Remarks

Working fluid/system
description

Eur. Phys. J. Plus

U-shaped cavity

Heat source block with
constant hot or cold
temperature inside the
cavity

Two isothermal opposite
walls

Trapezoidal heater inside
the cavity and opposite
vertical walls are
maintained isothermal

Heating condition
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T-shaped cavity

Cubical cavity

Cubical cavity

Cavity shape
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Numerical method

LBM

Finite-element

Finite-element

Finite-element

References

Matori et al. [45]

Hashim et al. [46]

Alsabery et al. [47]

Ghalambaz et al. [48]

Table 1 continued

Square cavity

Wavy-walled cavity

Different isothermal
vertical walls

Isothermal hot wavy wall,
isothermal cold
sidewalls

Isothermal heat segments
in the horizontal wall,
the upper wall are at
isothermal cold
temperature, the wavy
walls are adiabatic

Hot rectangular heat
source at the upper wall
and isothermal lower
inner walls

π-shaped cavity

Wavy cavity

Heating condition

Cavity shape

Nano-encapsulated phase
change materials–water
fluid

The performance of
natural convection heat
transfer increases when
the fusion temperature
of nano-encapsulated
phase change materials
rises

High porosity value
introduced increasing of
average Nusselt number
by the amplification of
volume fraction of
nanoparticle

The maximum Nusselt
number occurred at a
high volume fraction of
nanoparticles, the size
of the heat source, and
the Rayleigh number

Al2 O3 -water
nanofluid/inner solid
brick at cavity center

Al2 O3 -water
nanofluid/inner circular
solid/porous cavity

Nusselt number was
affected by the location
of the heating source,
the high performance
when the heat source
was located at the center

Remarks

MWCNT-Fe3 O4 /water
hybrid nanofluid

Working fluid/system
description
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Numerical method

Finite-element

Finite-element

Finite-volume

Finite-element

References

Ghalambaz et al. [49]

Alsabery et al. [50]

Saha [51]

Izadi et al. [52]

Table 1 continued
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Two hot semi-cylinders
located in two different
walls, cold isothermal
upper wall

Hot isothermal inner wall,
cold isothermal outer
wall, and linear
temperature distribution
of non-parallel walls

Partially Different
isothermal heating
source on vertical walls

Partially Different
isothermal heating
source on thick vertical
walls

Heating condition

Performance of natural
convection increased
when the volume
fraction of
nanoparticles increased
and a solid circular
cylinder could change
the heat transfer
performance
Heat transfer performance
increases as the aspect
ratio increases

At low Rayleigh numbers,
the magnetic field had a
negligible effect on to
Nusselt number, while
at high Rayleigh
number, Nusselt
number increased with
the strength of magnetic
fields

Water and air-based
fluids/different tilt angle

Fe3 O4 -MWCNT/water
hybrid nanofluid/porous
medium subjected to
two variable magnetic
sources

Location of the different
isothermal heating
sources affects the
performance of heat
transfer and fluid flow

Water-based fluid/porous
medium/the vertical
walls are thick

Al2 O3 -water nanofluid/a
solid circular cylinder
was located at the
center of the cavity

Remarks

Working fluid/system
description
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Inclined trapezoidal

Square cavity

Square cavity

Cavity shape
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Numerical method

Finite-element

Finite-element

References

Ghalambaz et al. [53]

Alsabery et al. [54]

Table 1 continued

Square cavity

Square cavity

Cavity shape

Trapezoidal isothermal
heating, isothermal cold
sidewalls

Different isothermal
temperature of
sidewalls

Heating condition

Al2 O3 -water
nanofluid/subjected to
magnetic sources

Cu– Al2 O3 /water hybrid
nanofluid/Flexible
membrane with
thickness/magnetic field

Working fluid/system
description

Increasing the volume
fraction of
nanoparticles enhanced
heat transfer, while the
entropy generation rate
was reduced

Increasing the strength of
the magnetic field
caused reducing the
thermal performance in
the cavity

Remarks

Eur. Phys. J. Plus
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Fig. 2 Different configurations of external flow entering the cavity [58]

Many researchers investigated the mixed convection in a ventilated (opened) cavity for
different cavity configurations. Some of the cavities included ports for inlet and exit flows
[58, 59]. However, some of the studies investigated the vented cavity using only one cavity
wall opening [60–63].
The lid-driven cavity can also cause a forcing mechanism, which results in mixed convection such as in electronic devices cooling, lubrication process, drying technologies, ocean
engineering, and automotive engines. Different parameters affect the convection heat transfer
when using lid-driven cavities; for example the effect of the direction of motion [64], the
number of moving walls [65–67], the type of motion of the lid-driven and attaching fins to
lid-driven cavity [68]. It should be noted that the shape of the lid has been studied extensively.
Mixed convection under cavity with wavy lid-driven was considered as an interesting
area of study [69]. While the effect of a semicircular lid-driven on combined convection in
the cavity is another approach [70], extensive research works have been carried out mixed
convection heat transfer in the lid-driven cavity by different numerical methods [71].
Some articles focus on the review of mixed convection inside lid-driven cavities with
different configurations and boundary conditions of lid-driven enclosures mainly filled with
nanofluids. Furthermore, the mixed convection in cavities can occur due to a solid moving
inside a cavity. The most common configuration is an inner cylinder rotating inside a cavity.
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Fig. 3 Schematic diagram of the oscillating inner cylinder inside a square cavity [75]

Many applications utilized inner rotating cylinders such as heat exchangers with rotatingtube, drilling of oil wells, and nuclear reactor fuel rods. This motivated researchers to study
mixed convection heat transfer and fluid flow in a cavity with an inner rotating cylinder.
A numerical approach showed that the effect of a partially layered porous medium in a
square cavity on mixed convection due to the inner rotating cylinder was of high interest
[72]. The study used different values of Reynolds and Darcy numbers. Besides, work was
reported on many parameters related to the rotating cylinder such as the location, size, and
angular speed. The results indicate that convection could be enhanced by increasing the size
and angular speed of an inner rotating cylinder and it was also dependent on the location of
the cylinder.
Researchers showed that the type of working fluid on combined convection in elastic walls
cavity plays a vital role [73]. An inner rotating cylinder as a heat source in a square cavity
was considered [74]. Another type of cylinder motion that consisted of an oscillating inner
cylinder inside a square cavity (Fig. 3) was proposed as a new approach [75].
A numerical study of mixed convection in a cavity caused by a lid-driven cavity with a
rotating inner cylinder can be conducted [76]. In this research, the cavity was be heated by
a uniform heat flux exposed at the bottom wall while the moving upper wall was at constant
cold temperature and the sidewalls were adiabatic. Al2 O3 /water nanofluids were used as
the working fluid. Results indicate that the convection could be improved by increasing the
volume fraction of nanoparticles and the Richardson number. Additionally, the value of the
local Nusselt number was related to the angular speed and the location of the rotating cylinder.
Mixed convection in a three-dimensional trapezoidal cavity filled with CuO/water
nanofluid was also studied [77]. The flow inside the cavity was created using both a rotating inner cylinder and a lid-driven wall. It was assumed that the sidewalls of the cavity are
elastic and adiabatic; the top and bottom walls were maintained at isothermally cold and hot
temperatures, respectively. The results showed that Nusselt number and heat transfer were
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enhanced as elastic modules of sidewalls and fraction of nanoparticles increased. In addition,
mixed convection was dependent on the inclination of the sidewalls.
The most important recent researches on mixed convection heat transfer cavities are presented in Table 2. These researches have simulated heat and fluid flow in various shape of
cavity using different numerical methods. Brief description of heating methods and working
fluids with addition to main remarks have been noted in this table.
2.3 Experimental studies of convection heat transfer in cavities
Most of the existing literature on heat transfer in cavities are numerical investigations, while
less interest was given to experimental studies. It should be also noted that natural convection
attracted more attention experimentally compared to mixed convection heat transfer [105].
Some of the applications specific to natural convection in cavities can be found in collectors
working with solar energy [106, 107], silicon surfaces [108, 109], noise modeling [110],
droplet evaporation [111], cold-formed steel walls [112], porous media [113], and air-filled
top open cavity [114]. Thus, it is of high importance to understand the actual behavior of
cavities for various convection heat transfer mechanisms using experimental studies. For the
working fluid selection, water was a popular choice but its low thermal conductivity. This
was led to the use of other fluids such as nanofluids.
When it comes to cooling of electronic components using phase change material (PCM),
the role of the heat sink with and without internal fins becomes of high importance. Thermal
behavior with light to heavy materials also needs to be considered. The heat sink with cavity
shall involve PCM. Also, another heat sink can be equally spaced with six to eight fins within
the cavity. The thickness of the fins can be restricted to 2 mm. Such a system was used in
cooling mobile devices by utilizing PCM-based heat sinks with internal fins [115]. However,
the requirement is to optimize many parameters such as the number of PCM used, fins shape
and quantity, the device usage mode, and the heat source [116]. Internal fins help in lowering
the temperature of the device and thereby provide a better heat dissipation rate.
Heat transfer with phase change materials can be made in a closed cavity by considering
natural convection. Thus the effect of contact melting during heat transfer was improved
[117]. Many suitable cavity shapes were considered by the authors, but the focus was on
rectangular shape mainly because of its simplicity in terms of heat transfer and flow analysis.
Besides, the rectangular shape provides better convenience for applying the theory of phase
change. A phase change closed cavity was investigated for three shapes: circular, spherical,
and rectangular. When solid-phase descended, it behaved linearly with time, while it was
unaffected by the cavity shape. The convex/concave shape of the surface was also an important
factor to consider. The melting of PCM in the cylinder and cavity was directly related to the
aspect ratio. The reason for making it adiabatic was to develop a 2D phase change heat
transfer process. Results indicate that melting of the PCMs with tilted rectangular cavity
enabled hybrid heat transfer. When the angle is maintained at 60°, natural convection plays
a vital role in improving the PCMs heat transfer with respect to a tilted rectangular cavity
[117].
The importance of PCM is significant under reduced scale cavity, namely “test cell.” Further, the effect of the PCM layer, as well as its location on the walls, can play an important
role. Lightweight walls and tests can be made by considering a cavity with or without PCM.
The output such as heat flux, insulating power, and heat losses across the walls was considered
[118]. In terms of heat flux density through the wall, it was noted that with the PCM layer
close to the heat source, lower heat losses through the cavity were observed. Thereby, the best
location of the PCM layer was found near the heat source [118]. Moreover, the compatibility
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Numerical method

Finite-volume

Finite-volume

Finite-difference

References

Chamkha [78]

Chamkha et al. [79]

Mansour et al.[80]

Square cavity

Square cavity

Square cavity

Cavity shape

Laminar

Laminar

laminar

Flow regime

The bottom wall was
heated uniformly and
right and top walls
were at constant cold
temperature

Heated from below,
The top wall was at a
constant temperature

Different temperature
of vertical walls and
the effect of internal
heat generation was
also considered

Heating condition

Table 2 Summary of reported numerical investigation of mixed convection heat transfer of the cavity

Enhancing Nusselt
number at horizontal
walls was due to the
increase of the
micro-gyration
boundary conditions
parameter
Increasing the fraction
of nanoparticles led
to enhance heat
transfer and the
length of the heat
source caused
reduction in Nusselt
number

Cu, Ag, Al2 O3 and
TiO2 –water
Top wall was moving

The heat transfer
performance
depended strongly on
the magnetic field
and thermal
characteristics of the
cavity and Nusselt
number enhanced
with increasing of
Grashof and
Reynolds numbers

Conventional fluids
Pr  0.71
Vertical lid-driven with
uniform magnetic
field

Micropolar fluids
Top wall was moving
Unsteady

Remarks

Working fluid/system
description

Eur. Phys. J. Plus
(2021) 136:353
Page 21 of 45
353

123

Numerical method

Finite-difference

Finite-volume

Finite-volume

Finite-element

References

Ismael et al. [81]

Kouf et al.[82]

Abu-Nada and
Chamkha [83]

Rahman et al.[84]
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Heated thick bottom
wall

Sidewalls were
adiabatic and the
horizontal walls were
at constant
temperatures where
the hot wall was the
top one

Bottom wall was at the
isothermal hot
temperature and the
remaining walls were
at constant cold
temperature

The horizontal moving
walls were at a
different temperature

Heating condition

The average Nusselt
number was
enhanced when
nanofluid
concentration
increased
There was an effect of
Richardson number
and the geometry of
wavy wall on
convection
CuO-water nanofluid
The bottom wall was
moving at a constant
speed

Increasing the
thickness of solid
walls with reducing
Richardson’s number
decreased the effect
of natural convection

The ventilation
effectiveness for heat
transfer in the cavity
was depended on the
configurations of
supply and exhaust
ports

Air
Inlet and outlet ports
with different
configurations

Conventional fluid Pr
 7.0

The convection was
affected by
Richardson number,
partial slip parameter,
and the direction of
the moving walls

Remarks

Water/partial slip
boundary condition

Working fluid/system
description
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Laminar

turbulent
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Flow regime
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Opened cavity

Square cavity with a
wavy wall

Square cavity

Square cavity

Cavity shape
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Numerical method

Incompressible
smoothed particle
hydrodynamics
(ISPH)

Finite-element

Finite-volume

Finite-volume

References

Aly et al. [85]

Selimefendigil et al.
[86]

Hinojosa et al. [87]

Kareem and Gao [88]
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Turbulent

Turbulent

Different temperature
of top and bottom
walls

Uniform heat flux was
exposed to one
vertical wall, whereas
the opposite wall was
at a fixed cold
temperature

Different temperature
of vertical walls

Different temperature
of horizontal walls

Heating condition

The main parameters
that could influence
the flow of the heat
transfer rate were the
angular speed of the
inner cylinder and the
Reynolds number

Heat transfer
coefficient increased
with the Rayleigh and
Reynolds numbers
Conventional airflow
Multi-ports (inlet and
outlet) at the upper
wall

Conventional fluid Pr
 6.95
Top wall was moving
with a rotating inner
cylinder

Heat transfer
enhancement
increased as the
volume fraction of
nanoparticles
increased and local
and average heat
transfer decreased at
the lower triangle
when Hartmann
number and magnetic
angle increased at the
upper triangle

The movement of
circular cylinders
through the working
fluid caused a
significant heat
transfer enhancement

Remarks

CuO-water nanofluid
Different strength of
the inclined magnetic
field
Top wall was moving

Conventional fluid Pr
 0.7
Moving cooling or
heating cylinders
inside the cavity

Working fluid/system
description
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Cubical cavity

Cubical cavity

Laminar

Laminar

Square cavity

Square cavity

Flow regime

Cavity shape
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Numerical method

Finite-volume

Finite-element

Finite-volume

Incompressible
smoothed particle
hydrodynamics
(ISPH)

References
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Sheikholeslamand
Chamkha [90]

Rashad et al. [91]

Aly et al. [92]

Table 2 continued

123
Laminar

Laminar

Inclined square cavity

Laminar

Laminar

Flow regime

Square cavity

Wavy wall cavity

Square cavity

Cavity shape

Nusselt number
increased with
increasing nanofluid
concentration,
Reynolds number,
and magnetic
strength
The maximum
convection was when
the hot and cold
segments were
located at the mid of
sidewalls and when
both horizontal walls
moved to the left

Fe3 O4 -water nanofluid
Double-sided
lid-driven
Presence of a magnetic
field

Cu-water nanofluid
Magnetic field
Moving top and bottom
walls

The lid-movement
caused a significant
effect on convection
than cavity
inclination angle

The magnetic field
strength and its
orientation played an
important role in
controlling the
convection heat
transfer

Cu-water nanofluid
Inclined magnetic field
Partial slip boundary
condition
Moving horizontal
walls
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walls
Partial slip

Remarks

Working fluid/system
description
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Using sinusoidal
heating at sidewalls

A segment with the hot
temperature at the
right wall and the left
wall with cold
temperature

Isothermal cold
temperature at the
bottom wall and
isothermal hot
temperature at the
wavy wall

Uniform heat flux
segment at the right
wall and isothermal
cold temperature at
the left wall

Heating condition
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Numerical method

Finite-element

Finite-element

Finite-element

References

Chamkha et al. [72]

Selimefendigil and
Chamkha [93]

Selimefendigil et al.
[94]
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Square cavity

Wavy square cavity

Square cavity

Cavity shape

Laminar

Laminar

Laminar

Flow regime

The horizontal walls
were at cold and hot
constant temperatures

The horizontal wavy
walls were at a cold
and hot constant
temperature,

Different isothermal
temperatures for top
and bottom walls

Heating condition

Nusselt number
increased with
increasing
Richardson number,
nanofluid
concentration, and
Hartmann number,
while it decreased
with increasing
Young’s modulus of
the flexible wall

Heat transfer
enhancement
increased with
increasing
Richardson number
and when using high
shear thickening fluid
Non-Newtonian fluid
(Power-law fluid
index  0.6–1.45)
Top wall was moving
Inclined magnetic field

CuO–water nanofluid
The right sidewall was
flexible
External magnetic field

The convection could
be enhanced by
increasing the size
and angular speed of
the inner rotating
cylinder and it was
dependent on the
location of the
cylinder

Remarks

Conventional fluid
Partially porous
medium
Inner rotating cylinder

Working fluid/system
description
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Numerical method

Finite-volume with
RSM

Finite-element

Finite-difference

Finite-element

References

Mirzakhanlari et al.
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Selimefendigil et al.
[77]

Ismael et al. [95]

Alsabery et al. [96]

Table 2 continued

123

Square cavity

Laminar

Laminar

Laminar

Laminar

Flow regime

The horizontal walls
were at cold and hot
constant temperatures

Uniform heat flux at
the corner of the
cavity and the right
sidewall was at cold
temperature

The horizontal walls
were at cold and hot
temperatures

Uniform heat flux was
exposed at the bottom
wall and the upper
wall was at constant
cold temperature

Heating condition

Al2 O3 - water nanofluid
Inner solid body
Top and bottom walls
were moving in a
different direction

CuO–water nanofluid
Right wall was moving

Heat transfer enhanced
with the size of the
inner solid body at
high values of
Reynolds and
Richardson numbers

The location of the
corner heater was a
parameter that could
change the Nusselt
number

Nusselt number
increased as elastic
modules of sidewalls
and fraction of
nanoparticles
increased

The convection
enhanced with
Richardson number
and nanofluid on
centration in addition
to the effect of
angular speed and
location of the
rotating cylinder

Al2 O3 - water nanofluid
Top wall was moving
with a rotating inner
cylinder

CuO–water nanofluid
Elastic sidewalls
Top wall was moving
with a rotating inner
cylinder

Remarks

Working fluid/system
description
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References
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Square cavity

Square cavity

Inclined square cavity

Cavity shape

Laminar

Turbulent

Laminar

Flow regime

The vertical walls were
at different
temperatures

The vertical walls were
at different
temperatures

The vertical walls were
at different
temperatures

Heating condition

Conventional fluid The
cavity divided into
two partitions (fluid –
porous)
Inner rotating cylinder

Air
The left and right walls
were thick walls
Inlet and outlet ports

Cu–water nanofluid
Top and bottom walls
were moving
Porous media

Working fluid/system
description

The speed of the inner
rotating cylinder had
a positive effect on
the Nusselt number,
but as Darcy’s
number increased,
then the Nusselt
number decreased

They used two
simplified wall
conduction models to
show the effects of
the buoyancy,
thermal conductance
ratio, and Nusselt
number

The role of the
direction of the
moving wall(s) had a
significant effect on
convection and
Nusselt number
increased with Darcy
and Reynolds
numbers but
decreased with
Richardson number

Remarks
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Numerical method

Finite-element

Finite-element

Finite-element
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Alsabery et al. [100]

Chamkha et al. [101]

Selimefendigil and
Chamkha [102]
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Laminar

Laminar

Laminar

Flow regime

The wavy bottom wall
and inner cylinder
were at a constant hot
temperature, while
the inlet air and upper
wall were at constant
cold temperature

Isothermal hot segment
was at the bottom
wall and the inclined
wall was at low
temperature

Isothermal hot segment
at the bottom wall
and the wavy
sidewalls were at low
temperature

Heating condition

Remarks

The heat performance
is enhanced with the
length of the heat
source and the
volume fraction of
nanoparticles also As
the angular speed of
the inner cylinder
increased, the rate of
heat exchange
enhanced
Existing magnetic field
influenced the
relation between
entropy generation
rate and volume
fraction of
nanoparticles
The angular speed of
the rotating cylinder
and the number of
waves had a positive
effect on the Nusselt
number

Working fluid/system
description
Al2 O3 - water nanofluid
Inner rotating cylinder

Al2 O3 - water nanofluid
The left sidewall was
moving
External magnetic field

CuO-water nanofluid
Inlet–outlet ports and
an inner rotating
cylinder
External magnetic field
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Triangular cavity

Wavy square cavity

Cavity shape
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Numerical method

Finite-element

Finite-element

Finite-volume

References

Selimefendigil et al.
[103]

Alsabery et al. [67]

Armaghani et al. [62]
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Opened L-shape duct

Wavy square cavity

Cubic cavity

Cavity shape

Laminar

Laminar

Laminar

Flow regime

Isothermal hot segment
was at the bottom
horizontal wall, while
the air entering at
constant cold
temperature

The left and right
sidewalls were at
different
temperatures

The left and right
sidewalls were at
different
temperatures

Heating condition

Remarks

The average Nusselt
number decreased as
Richardson and
Hartmann numbers
increased, but it could
be enhanced with
increasing nanofluid
concentration
Enhancing the average
Nusselt number was
related to the moving
direction of double
lid-driven and the
inner solid cylinder
diameter
Increasing the
inclination angle of
the cavity led to
enhance heat transfer
and existing
nanoparticles in the
working fluid led to
an increase in the
entropy generation
rate

Working fluid/system
description
SiO2 -water nanofluid
Inner conductive
partition
The top wall was
moving
External magnetic field

Al2 O3 - water nanofluid
The sidewalls were
moving
Inner cylinder solid

Ag-water nanofluid
Inlet–outlet ports
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Finite-element

Finite-volume

References

Mehryan et al. [75]

Mamourian et al. [104]
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Wavy square cavity

Square cavity

Cavity shape

Laminar

Laminar

Flow regime

Uniform heat flux was
at the wavy wall and
the left sidewall was
at constant cold
temperature

Isothermal hot cylinder
inside cavity

Heating condition

When the Rayleigh
number was low, the
oscillating cylinder
inside the cavity
caused increasing the
average Nusselt
number
The optimum case for
higher heat transfer
was dependent on
nanofluid
concentration,
Richardson number,
and the geometry of
the wavy wall

Cu–water nanofluid
Upper wall was moving
Utilizing the Taguchi
method

Remarks

Cu– Al2 O3
water-based hybrid
nanofluid
Oscillating cylinder

Working fluid/system
description
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Fig. 4 Schematic representation of the cooling system [119]

issue of the studied temperature range on the electronic components was considered [119].
It was stated that the phase change materials (PCMs) are an effective way of cooling. Configurations can be made by involving materials such as silicone matrix or graphite matrix.
Figure 4 shows the schematic representation of the cooling system, including all the major
components [119]. It was observed that the deformed melting front highlighted the stiffness
of convective cells which further implied melting in the top of the enclosure. In fact, the complete arrangement of fins controlled the regime in the cavity and thus enhanced the thermal
performance. In addition, an increase in the length of the fins gives rise to better distribution
throughout the cavity filled by phase change materials. Although additional fins reduced the
amount of phase change materials in the cavity, it allows the extension of critical time. The
time was about six times longer than the reference configuration.
It is known that microchannels with the desired size and design can significantly influence
the rate of heat transfer. Heat transfer, as well as flow characteristics with respect to heat
exchangers under the microchannel category and multiple cavities, can be adopted rather than
just a single channel. Indeed, fan-shaped cavities can be utilized rather than the conventional
single-channel configuration [120], as shown in Fig. 5. Their setup involved a microchannel
with 40 equally spaced fan-shaped cavities. Each cavity has a radius of 0.5 mm. It was
noted that the thermal entrance effect was at a lower level when compared to the straight
microchannel. In addition, stagnation regions were less dense. Another experimental study
[121] illustrated the direct impact of the geometric specifications of cavities and that of the
direction of the fluid flow on the heat transfer rate. At a higher value of heat transfer rate,
increasing the depth of cavities was directly proportional to the contact area between fluid
and microchannels [122]. This study concluded that the heat transfer in the heat exchangers
was improved by attaching fan-shaped cavities. Interestingly, the pressure drop in the heat
exchanger decreased but rather showed lower values. Finally, it can be summarized that one of
the optimum ways to enhance heat transfer can be done by using proper fan-shaped cavities.
The natural convection phenomenon propelled by buoyancy forces to transfer heat flux in
cavities is an interesting approach [123]. With nanofluid as the medium, knowing the exact
concentration effect of nanofluids helps to reduce the overall cost of the nanofluid [124]. The
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Fig. 5 Structure of microchannel heat exchanger with fan-shaped cavities [120]

other challenging task was to understand the mechanism involved in heat transfer when using
nanofluids. The results were compared with numerical predictions and good agreement was
observed. The intention of using isothermal counter-flow heat exchangers was to maintain
a uniform temperature at the wall [125]. Once the system attained a steady-state condition,
the heat supply to the cavities was maintained at a uniform state with a maximum deviation
of 5%. Heat transfer capacity was found by considering the total heat supplied and the heat
removed from the cavity [125]. One of the possible ways to further enhance the heat transfer
of the cavity is by increasing the temperature difference. While testing with 5 vol% nanofluid,
the heat transfer was maximum and reached 186 W at 50 °C. The results revealed that the
relationship between the heat transfer of the cavity and the temperature difference for all
concentrations of nanofluids is linear in nature.
Cavities were used in combustion to study the combustion characteristics using n-heptane
under ice cavities for various cavity depths and airflow speeds [126]. Both the burning rate
and the burning efficiency can be made under parallel study. Three major outcomes were
noticed by authors: first, cross-flow has a marginal impact on cavity expansion with respect
to the direction in the downstream direction. Second, a higher cavity size ratio increases the
mass burning rate. Finally, burning efficiency was higher with the presence of a cross-flow
[126].
Another experimental study was conducted to study the heat transfer characteristics using
TiO2 –water nanofluid [127] in a cavity subjected to natural convection. Experimental test
run with different pore densities for copper foam were performed for PPI  5, 15, and 25
[127]. Results indicated the enhancement in the heat transfer for PPI  5, 15, and 25 of about
59%, 32%, and 64%, respectively.
The application of cavities was not just restricted to electronic or mechanical components
but was also applied across various other domains. For example, the thermal performance of
ventilated facades in the wall was carried out [128]. Experimentally considering the narrowcavity scheme, the role of various materials on the performance of the facades with narrow
cavities was studied [128]. Testing was carried out for an entire year on real-scale prototypes.
Enabling the ventilated cavity decreased the heat transfer inside and outside the cavity. In
addition, due to internal mass, a rise in heat transfer was noticed in the indoor environment.
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A summary of other major experimental investigations is listed in Table 3 with main
remarks.

3 Effect of working fluids on convection heat transfer
The working fluid inside the cavity plays a significant role in convection heat transfer and
flow characteristics. In addition to the conventional water and gas-based fluid, various types
of unconventional fluids have been examined by authors in order to enhance the thermal
presentation and to make it applicable to certain thermal applications of cavities, such as nanoencapsulated phase change materials, gaseous fluids at low pressure, and non-Newtonian
fluids. The following section presents the effect of the working fluid on the convection heat
transfer as reported in the literature.
3.1 Conventional fluids
The effect of conventional fluid on natural convection heat transfer in cavities is based on the
value of the Prandtl number. Researchers have found a significant effect of Prandtl number
on convection when 0.7 < Pr < 7.0 [138]. Some researchers, however, used a very low or very
high value of Prandtl number (Pr). For example, some researchers utilized working fluid
with Pr  0.054 in square cavity subjected to magnetic field [10]. Another used metallic fluid
with Pr  0.025 in an inclined rectangular cavity [23] and high Prandtl number of phase
change material in the square cavity [139] in their studies. The behavior of conventional fluid
with Prandtl number Pr  6 in a square cavity with a diagonal flexible membrane is was
also considered [19]. The natural convection was made using isothermal sidewalls, while
the top and bottom walls were adiabatic. Arbitrary Lagrangian–Eulerian (ALE) formulation
was utilized as a mathematical model. Results showed that at a very high Rayleigh number
(Ra > 106 ), the interaction forces between the fluid and the membrane becomes high which
caused notable deflection on the flexible membrane [19].
Numerical study on natural convection of water-based fluid with Pr  6.2 in the inclined
square cavity was also getting importance [27]. Natural convection was produced by the
high temperature at the left wall and sinusoidal cooled temperature exposed to the right wall,
while the top and bottom walls were kept adiabatic. A thick flexible membrane partitioned
the cavity into two halves, as shown in Fig. 6. The results revealed that the deformation of
the impermeable membrane is affected by the Rayleigh number, the inclined angle, and the
sinusoidal distribution amplitude.
Thermal radiation and natural convection in a square cavity with a heat source inside were
also considered [34]. The working fluid was an air-based fluid with Pr  0.7. Cold sidewalls
and adiabatic top and bottom walls with a hot heater with a constant temperature located
at the bottom wall forced the fluid inside to circulate turbulently. The results proved that
surface radiation causes an increase in average Nusselt number and the thermal plume and
flow pattern inside the cavity.
Natural convection in the cubical cavity was also studied [41]. The cavity was heated by a
trapezoidal heater inside the cavity, while all walls were adiabatic except the opposite vertical
walls at cold temperatures. This study showed the role of heater geometry in enhancing the
convection heat transfer inside the cavity. In this research, air-based fluid with Pr  0.7 was
utilized. The 3-dimensional enclosure was compared with a 2-dimensional configuration
and showed a good agreement. This finding showed that the convection heat transfer and
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Ghodsinezhad et al.
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Square cavity

Cylindrical cavity

Mini-solar furnace

Investigated system

With the increase of
the wind speed,
both the
temperature
fluctuation region of
the bottom surface
and the temperature
gradient along the
side surface
decreased

304 stainless steel
(06Cr19Ni10)

Copper

Internal diameter
105 mm, while
outer diameter
229 mm

96 × 120 × 102 mm

The viscosity of the
nanofluid at 0.6
vol.% were 7.5%
higher than the
viscosity of the base
fluid at a given
temperature

The heat transfer by
radiation between
the isothermal wall
and the cavity inlet
increased when the
temperature
difference moved
from 200 to 400 K

Refractory cement
(COMPRIT 137 M,
48.9% Al2 O3 ,
40.8% SiO2 and
10.6% other
components)

Cubic shape
(0.080 m-length,
0.080 m height and
0.080 m-thickness)
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Key materials

Cavity
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cylindrical cavity

Two heat
Exchangers located at
the upper wall,
while the bottom
side was
constructed with
10-mm-thick
acrylic material

The cavity containing
a dividing plate

Cuboid enclosure

Investigated system

Solar dish collector
wounded
cylindrical cavity
receiver, heat
exchanger system,
and hydraulic cycle

Using copper heat
exchangers on
opposite sides of
the cavity

120 × 96 × 103 mm

Outer diameter 16 cm
and inner is 14 cm

Plywood sheets
installed inside the
cavity as the
dividing plate

Enclosure filled with
Al2 O3 - water
nanofluid

Key materials

Three plywood sheets
with a thickness of
2 mm, while the
surface area was
20.2 × 20.2 cm2

Enclosure with each
side 100 mm

Cavity
size/environment

The average thermal
efficiency of
Al2 O3 /thermal oil
nanofluid was high
as compared to
SiO2 /thermal oil
nanofluid

The optimum heat
transfer reached
10% more when
adding 0.05vol.%
nanoparticle
compared to the
base fluid in the
porous cavity

The cavity was
modified to reduce
free convection by
suppressing the
clockwise
recirculation of the
flow

Adding the solid
volume fraction had
a negligible effect
on the temperature
profile, especially at
the core region of
the enclosure

Remarks
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Aqueous Fe2 O3 Al2 O3 (75:25)
nanofluids

Water-based
nanofluids

Air

Fluid

Rectangular cavity

Spiral cavity

PCM-based heat sink

Investigated system

Cavity under
magnetic induction

Solar collector has a
total aperture of
10.29 m

The inner dimensions
of the 20 mm-thick
Plexiglas enclosure
are 100 × 50 ×
30 mm

Cavity
size/environment

Aqueous hybrid
ferrofluids (AHFs)
were measured for
volume
concentrations of
0.05–0.3%

Heat transfer was
augmented at lower
volume
concentrations of
hybrid ferrofluids in
the absence of
magnetic induction

The thermal
efficiency reached
35% at high optical
losses

The reduction in the
total melting time
and the base plate
temperature during
the phase change
was 8% with
increase in the
number of fins to be
6

Paraffin RT35

Nanoparticles: Cu,
CuO, TiO2, and
Al2 O3
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Fig. 6 Schematic diagram of an
inclined square cavity with a
membrane [27]

fluid flow could be changed significantly with the dimensions and location of the trapezoidal
heater.
3.2 Non-Newtonian fluids
During the last few decades, many investigations focused on using non-Newtonian fluids
on natural convection heat transfer and its applications on polymer processing, petroleum
product extraction, paints and biological fluids treatments, food and medicine processing,
etc. [140, 141].
The effect of the presence of non-Newtonian fluids and magnetic field in a cubic cavity
and the role of enhancing the double-diffusive convection inside it was considered [142].
This numerical study focused on the binary solution with Prandtl number Pr  10, while
Rayleigh and Lewis’s numbers are 105 and 10, respectively. Findings proved that the average
Nusselt and Sherwood numbers degraded when applying a magnetic field.
Besides, the effect of a non-Newtonian fluid inside a square cavity on double-diffusion
natural convection heat and mass transfer can be taken as another approach of study. In
their investigation [14], the effect of non-Newtonian fluid, and the buoyancy ratio for five
heating and salting arrangements were analyzed. The results were illustrated by tabular forms
and iso-concentration and flow line contour maps. Their results revealed that heat and mass
transfers are higher with pseudo-plastic fluid. In addition to an increase in the power-law
index of the fluid, a decrease in the fundamental frequency of oscillation was found.
Natural convection heat transfer of a trapezoidal cavity filled with non-Newtonian fluid
and different types of nanofluids separated from each other was considered [20]. It was found
that the variation of the power-law index of the non-Newtonian fluid was between 0.6 and 1.4.
The effect of other parameters such as Rayleigh and Darcy numbers, nanoparticle volume
fraction, the angle of the cavity inclination, and the sidewalls inclination angle were also
reported. The high viscosity and higher shear rate of the pseudo-plastic fluid caused higher
heat transfer than in Newtonian and dilatant fluids. This resulted in a higher value of Nusselt
number distribution when the power-law index was less than one. Moreover, other parameters
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had an impact on the heat transfer, especially the volume fraction of nanoparticles and its
thermal conductivity.
By considering the cylindrical annular cavity filled with non-Newtonian power-law
nanofluid, natural convection and entropy generation were reported numerically [143]. A
conductive porous layer in contact with a heated concentric circular was installed inside the
cavity. Al2 O3 was used as nanoparticles. Various ranges of Rayleigh and Darcy numbers,
power-law index, and the thickness of the porous layer were examined in terms of their impact
on entropy generation and heat transfer performance. The results revealed that the thin shear
nanofluids with full porosity lead to higher Nusselt number, but entropy generation becomes
low.
The effect of the non-Newtonian power law of a nanofluid on natural convection heat
transfer and entropy generation in a cavity was also studied by [144]. The cavity was cylindrical with a concentric circular solid inside and a conductive porous layer. Al2 O3 was used
as nanoparticles. The effect of the Rayleigh and Darcy numbers, the power-law index, and
the thickness of the porous layer on entropy generation and heat transfer performance were
examined. It was found that thin shear of nanofluids with full porosity led to a higher heat
transfer performance and lower entropy generation.
3.3 Mono and hybrid nanofluids
Adding a nano-size material with high thermal conductivity to the conventional fluid can
improve thermal performance in cavities. This technique has been studied recently to show
the positive effect of mono and hybrid nanofluids in the natural convection heat transfer.
Many researchers have investigated different types of nanoparticles to enhance the thermal
conductivity of conventional fluids. For example, metallic nanoparticles such as Cu and Ag
have been investigated by [4, 13, 20], oxide metallic nanoparticles (CuO and AL2 O3 ) by [3,
19, 29, 46], and carbon base nanoparticles (MWCNTs and GNP) by [42, 47]. It can be noted
that the average Nusselt number has significantly increased with increasing nanoparticle
volume fractions, due to the high thermal conductivity of the nanoparticles regardless of the
effect of nanoparticles shape. Nanofluids will be the prospective fluids that can be used in
energy storage cavities.
The effect of three types of nanofluids in a square porous cavity heated by the triangular
solid wall was reported [11]. The nanoparticles were Al2 O3 , Cu, and TiO3 with different volume fractions. Results showed that enhancing natural convection heat transfer was extremely
dependent on the volume fraction of nanoparticles material, in addition to the size of the triangular heater, the porosity, and the Rayleigh number. By comparing the effect of the three
types of nanoparticles, it was found that Cu-water nanofluid showed the highest average
Nusselt number.
Another study was made on an odd-shape cavity filled with Cu–water nanofluid and its
effect on the performance of natural convection and entropy generation numerically [12]. The
purpose was to combined horizontal and vertical enclosures in the geometry of the cavity.
Figure 7 shows the geometry and boundary condition of their problem.
This study [12] showed an increase in both the Nusselt number and the entropy generation
as the concentration of nanoparticles increases. This is due to high thermal conductivity and
low fluid motion inside the cavity in addition to the role of the Rayleigh number [12].
Another investigation was reported to theoretically study the role of Al2 O3 nanoparticles
dispersed in different conventional fluids (water and kerosene) on natural convection in the
square cavity [2]. The vertical walls of the cavity were subjected to different temperatures,
while the horizontal walls were kept insulated. It was found that the heat transfer was improved
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Fig. 7 Schematic diagram of the odd-shape cavity [12]

with both the base fluid and the nanoparticle types. This enhancement was dependent on the
temperature difference between the sidewalls. It was also noted that the effect of the shape of
the nanoparticles on the heat transfer is negligible. Furthermore, the authors introduced two
non-dimensional parameters: the dynamic viscosity and the thermal conductivity at different
values of Rayleigh number.
Different type of mono-nanofluids filled in a square cavity with a bottom solid wall was also
reported in [15]. This work focused on utilizing four different types of nanoparticles, namely
Ag, Cu, Al2 O3, and TiO2 water-based nanofluids with different volume fractions to enhance
natural convection in the cavity. The square cavity was heated by a sinusoidal heat source on
sidewalls. The role of sinusoidal temperature variation, the volume fraction of nanoparticles,
the solid wall thickness, and the Rayleigh number on enhancing the heat transfer inside
the cavity was studied. It was shown that the heat transfer can be improved significantly
by increasing nanofluid concentration. The solid thickness and its thermal conductivity also
played a vital role in enhancing the heat transfer inside the cavity. This is due to the reduction
in thermal resistance in the solid wall.
Natural convection using nanofluids was also done with a trapezoidal cavity [25]. The
cavity was partly filled with a nanofluid layer and a porous layer. The results showed a
significant increase in convective heat transfer due to existing nanofluids and the highest
enhancement was for Ag-water nanofluid due to the highest thermal conductivity of Ag
nanoparticles.
Recently, researchers mixed two or more nanoparticle types with a base fluid to produce
hybrid nanofluids in order to improve the thermal performance of many applications. Indeed,
they found that hybrid nanofluids with higher thermal conductivity can further improve the
heat transfer [145].
The effect of Cu-Al2 O3 /Water hybrid nanofluid with a uniform magnetic field was studied
in natural convection in a triangular cavity [31]. The cavity was heated by internal uniform
heat flux from below. It was found a positive effect of existing hybrid nanofluid on heat
performance. However, the effect of increasing the volume fraction of the hybrid nanofluid
is significant at low natural convection.
Work with a numerical approach under natural convection heat transfer in a T-shape
cavity filled with MWCNT-Fe3 O4 /water hybrid nanofluid was also reported in [43]. Lattice
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Boltzmann method was used to solve the problem. The cavity in this research was heated
by a heat source block with constant hot or cold temperature, while the cavity walls were
kept adiabatic. Many parameters including nanoparticles volume fraction, Rayleigh number,
geometric characteristics of the cavity, and heat source were investigated. The results revealed
that the average Nusselt number increased as the Rayleigh number and the volume fraction
of nanoparticles increased. The effect of hybrid nanoparticles was more significant at high
Rayleigh number. Moreover, the aspect ratio of the heat source block plays the main role in
enhancing the heat transfer rate and its optimal location was at the center of the cavity.
A numerical study of hybrid nanofluid in the porous square cavity was investigated in
[52]. The cavity had a complex heating source where two hot semi-cylinders were located in
two different walls and the upper wall was cold isothermal, while the remaining walls were
adiabatic. Two different magnetic fields were subjected to the cavity to examine a magnetic
hybrid nanofluid effect on the average Nusselt number for different parameters such as the
ratio of two magnetic values, Hartmann number, and porosity coefficient.
Convection of π-shaped cavity filled with MWCNT-Fe3 O4 /water hybrid nanofluid was
studied numerically using the Lattice Boltzmann method [45]. A hot rectangular heat source
was used on the upper wall to heat the cavity, whereas the lower inner walls had a cold
isothermal temperature and the other walls remained adiabatic. Results showed the effect of
the nanoparticles volume fraction, the Rayleigh number, the geometry of the cavity, and the
heating source on heat performance. It was found that the Nusselt number increases with
an increasing volume fraction of nanoparticles, cavity aspect ratio, and Rayleigh number. In
addition, Nusselt number was affected by the location of the heating source; however, there
was a high heat performance when the heat source was located at the center.
3.4 Nano-encapsulated phase change materials–water fluid
One of the efficient coolants is nano-encapsulated phase change materials (NEPCMs) mixed
with conventional fluid, this is due to the ability of these materials to change the phase from
solid to liquid at a certain temperature. The changing phase process can absorb or release a
considerable amount of energy, which can be one of the important working fluids in cavities
[146].
The role of NEPCMs on natural convection is important under heat transfer along a square
cavity studied by [48]. NEPCMs fluid was circulated in the cavity naturally by the different
isothermal temperature of vertical walls and adiabatic top and bottom walls. The authors
found that using NEPCMs could enhance heat transfer compared to conventional fluids. The
Nusselt number increased as the dimensionless fusion temperature of NEPCMs increased.
This was due to high thermal conductivity and heat capacity at fusion temperature.
The effect of NEPCMs inside an eccentric annulus cavity on natural convection was
studied numerically in [147]. The materials of NEPCMs were nonadecane and polyurethane
as a core and shell, respectively. The enclosure was heated from the inner cylinder. The
outcomes from this research proved that the performance of natural convection could be
enhanced by increasing the volume fraction of NEPCMs. In addition, the non-dimensional
fusion temperature and the location of the inner cylinder had a significant effect on thermal
performance.
Improving the value of Nusselt number was observed using NEPCMs which were circulated naturally inside a square cavity [148]. This enhancement of natural convection was
strongly dependent on the volume fraction and the fusion temperature of NEPCMs as also
shown by [149]. In addition, the natural convection in a porous annulus cavity filled with
NEPCMs was conducted. Many parameters studied under this research included the Rayleigh
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number, volume fraction and fusion temperature of NEPCMs, Darcy and Stefan numbers,
porosity, the geometry of the NEPCM particles, and interface heat transfer coefficient.
3.5 Rarefied gaseous flows
Rarefied gas flow has many uses, especially in MEMS and NEMS applications, in addition
to material processes. Many studies have been done to identify the behavior of rarefied gases
on natural convection heat transfer and cavity fluid flow.
Natural heat transfer in an inclined rectangular cavity filled with low-pressure fluid in the
range of (0.4–9 Pa) was considered in [150]. The focus was on using slip flow and temperature
jump conditions. The thick horizontal walls had a different isothermal temperature, while the
vertical walls were kept insulated. The effect of different tilt angles, Knudsen, Rayleigh, and
Prandtl numbers on heat transfer performance as well as the ratio of thermal conductivity
between the solid walls and working fluid was discussed by authors. It was found that the
Nusselt number was affected by these parameters. Correlations for predicting Nusselt number
for horizontal and inclined cavity as shown in Eqs. (5) and (6), respectively, were proposed.
Nu  0.144kr0.0101 Ra0.135 kn−0.393 Pr0.178

(5)

Nu  0.158Ra0.130 kn−0.396 cos(θ )0.216

(6)

where Pr , kr , kn , and θ are Rayleigh number, Prandtl number, solid to fluid thermal conductivity ratio, Knudsen number, and tilt angle, respectively.
Numerical investigation of rarefied gas inside a rectangular cavity heated from below was
studied in [28]. It was noted an effect of various aspect ratios in addition to the Knudsen,
Rayleigh, and Prandtl numbers on heat transfer performance in the cavity. The dependence
of the Nusselt number on the aspect ratio was also observed. A correlation of heat transfer
coefficient was established which is useful in solar energy applications.
A numerical approach for the two-dimensional flow of rarefied gases in an inclined square
cavity was proposed [39]. The cavity had a cold isothermal lateral wall, a hot isothermal wall
on the opposite side, while the other walls were isolated. Two fins were attached to the hot
wall for improving the heat transfer performance. The physical parameters such as Knudsen
and Rayleigh numbers, the location, dimension, thermal conductivity, and the porosity of
the fins, and the inclined angle of the cavity were investigated. The results showed that the
greatest enhancement of heat transfer in the cavity was found for larger fins dimension and
at a tilt angle of 30°. Also, correlations between the Nusselt number and other investigated
parameters were established.
Boundary conditions and parameters for low-pressure gaseous nanofluids are summarized
[40]. The authors considered the effect of adding Al2 O3 nanoparticles to the rarefied gases
as a working fluid in a square cavity on natural convection heat transfer. Thermal performance of natural convection heat transfer increased with increasing both volume fraction of
nanoparticles and Rayleigh number, while the Knudson number had the opposite effect on
the Nusselt number.
Numerical work on entropy generation and heat performance of the rarefied air-Al2 O3
nanofluid in a square cavity was performed [152]. The cavity was heated naturally by different
isothermal temperatures of the vertical walls. Two solid fins were fixed on the hot wall. In this
research, the total entropy generation contours at different nanofluid concentration, Knudsen,
and Rayleigh number were presented. The results revealed that heat transfer increases by
adding nano-solid particles, and enhanced heat transfer can be achieved at the high thermal
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conductivity of nanoparticles. This increase in heat transfer caused an increase in the entropy
generation.
Heat transfer characteristics in an oblique wavy sided square cavity were also reported
[153]. Results revealed that increasing Rayleigh number caused enhancement of the average
Nusselt number. Moreover, a relationship was established between the heat transfer and
the Knudsen number. Furthermore, a discussion was proposed on the effect of the wavy
walls, which resulted in a slightly better heat transfer. Heat transfer characteristics of rarefied
flows inside a partially heated cavity with heat generation and wavy sided walls were also
discussed. Effects of the heater length and heat generation on the heat transfer performance
were presented and discussed thoroughly. It should be noted that despite the importance of
the flow dynamics in the cavity shear layer on both the pressure fluctuations [154–157] and
the heat transfer mechanisms inside the cavity [110, 158], such factors would be discussed
in a subsequent publication.

4 Conclusions
The latest studies regarding the heat transfer performance in cavities were discussed in this
paper. A comprehensive review of the numerical and experimental investigations on natural
and combined heat convection and fluid flow for different geometries, working fluids, heating
source, and boundary conditions is presented. The role of other parameters such as porosity,
external magnetic field, and conjugate heat transfer was also considered.
The main conclusions can be summarized as follows:
• Enhancing the thermal conductivity of working fluid inside the cavity causes the enhancement of heat transfer, mainly at low Reynolds numbers.
• The magnetic field strength and its inclination strongly affect the heat transfer performance
caused by decreasing in the fluid velocity in the cavity, which declined the fluid thermal
mixing and heat transfer effects as the Hartmann number increases.
• For both natural and mixed convection in cavities, using nanofluids can enhance the heat
transfer rate and the thermal entropy generation.
• The conjugated heat transfer in the thick solid walls has a negative effect on the overall
heat transfer and entropy generation.
• The significant factors that control the Nusselt number in mixed convection heat transfer
and fluid flow inside cavities are the Reynolds number, Grashof number, cavity shape, and
location of the heat source.
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