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This paper aims to review all the published studies about mixed convection of nanofluids in enclosures. The pa-
pers are categorized into four main classes, namely square (and rectangular), triangular, trapezoidal, and uncon-
ventional shapes, then their important information is summarized in a table. Most studies have reported a
remarkable heat transfer enhancement with increasing the nanoparticle volume concentration, Reynolds num-
ber and Richardson number and the required pumping power increases by adding nanoparticles to the base
fluids.
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1. Introduction

Cavities and enclosures are frequent in different industries and
equipment such a HVAC [1–5], heat exchangers [6–8], nuclear power
[9,10], renewable energies [11,12] and etc. It seems that one of the
first studies about fluid flow in cavities has done by Patterson and
Imberger [13]. They studied unsteady natural convection in a rectangu-
lar cavity, differentially heated end walls. They used scale analysis to
iasl.r@wtiau.ac.ir
aysammolana@yahoo.com
show that a number of initial flow types are possible, collapsing ulti-
mately onto two basic types of steady flow, determined by the relative
value of the non-dimensional parameters describing theflow. They con-
cluded that although the steady state of these flows is independent of
the value of the Prandtl number, it is evident that the transient flows
may depend strongly on the Prandtl number. Thus, different transient
flows may belong to different regimes, but ultimately converge to the
identical steady states.

Also, the low thermo-physical properties of conventional fluids did
lead researchers to think about the new generation of cooling fluids,
during the last fewdecades. Choi and Eastman [14] developed a suspen-
sion of nanoparticles with diameters below than 100 nm and distilled
water, for the first time. They thought that the higher thermal
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conductivity of themetallic nanoparticle can improve the effective ther-
mal conductivity. Therefore, they hoped to find a solution to enhance
the poor thermal conductivity of conventional cooling fluids like water
and then they introduced Nanofluids. It seems that the first scientist
presented the idea of suspending metallic particles in the water to
reach the enhanced thermal properties was Maxwell [15], in the nine-
teenth century. Technological limitations prevented Maxwell to
Fig. 1. Streamline contours for different radiation par
approach the nanometer-size particles and millimeter-size particles
(in that era) are heavier that can suspend into the fluid.

Nanofluids have attracted enormous attention between thermal sci-
entists and engineers, over theworld. Followed by the explosive growth
of experimental studies on the nanofluids thermal and hydrodynamic
behavior in the two last decades, recent breakthroughs in the
manufacturing process enabled the scientists to study on very small
ameters with Re=100, φ=0.04, Ha=25 [50].
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nano-size particles from different materials. Almost all of them ob-
served the promising thermophysical properties of nanofluids.

Today, nanofluids are good candidates as a coolant for many indus-
tries. The use of nanofluids is including, but not limited to heat ex-
changers [16–20], impingement jets [21,22], automotive [23,24],
renewable energies [25–27], nuclear reactors [28,29], electronic cooling
[30,31], microfluidics [32–35], lubrication [36,37], refrigeration [38],
combustion [39,40], medicine [41,42], thermal storage [43] and etc.

There are two main approaches to simulate the nanofluids flow
named single-phase and two-phase approaches. Single-phase approach
supposes nanofluids as a homogenous fluid including base fluid and
nanoparticles. In this way of study, effective parameters have been esti-
mated by such famous models which take into account the base fluids
and nanoparticles thermo-physical properties as well as nanoparticle
volume concentration. These models have developed regardless of in-
teractions between nanoparticles and base fluid molecules, but usually
give acceptable results in low volume concentration (below 10%)
[44,45]. The two-phase approach looks at nanofluids as a non-homoge-
nous mixture with two distinct parts: base fluid and nanoparticles.
These models usually take into consideration mane forces like drag,
gravity, buoyancy, thermophoresis, Brownian motions, and etc. These
models demonstrate more accurate results but require more processing
time and power [46,47].

2. Mixed convection of nanofluids in enclosures

It seems that the first published study about mixed convection of
nanofluids in enclosures is the one performed by Tiwari and Das [48].
They investigated the heat transfer enhancement in a two-sided lid-
driven square cavity using nanofluids, numerically. They used a finite
volume approach using the SIMPLE algorithm. They summarized some
important observations as follow:

- The variation of the average Nusselt number is nonlinear with solid
volume fraction

- Nanoparticles are able to change theflowpattern of a fluid fromnat-
ural convection to the forced convection regime.

- The maximum Nusselt number enhancement is about 100%.

In the next sections, we describe the fluid flow and heat transfer as-
pects of the nanofluids mixed convection in different enclosures that
have been found in the literature.
Fig. 2. Physical model of the computational dom
2.1. Square enclosures

Themost frequent shapes of the cavities are square and rectangular.
We review the most important published works about this field of re-
search in this section. Karim et al. [49] studied the influence of sinusoi-
dal boundary condition on the unsteady mixed convection within a
square enclosure using an Ag–water nanofluids, numerically. They
used the Galerkin weighted residual of the finite elementmethod to in-
vestigate the effects of the periodicity of sinusoidal boundary condition
for awide range of Grashof numberswith the parametric variation of si-
nusoidal even and odd frequency. They observed that both the Grashof
number and the sinusoidal even and odd frequency has a significant in-
fluence on the streamlines and isotherms inside the cavity. The heat
transfer rate enhanced by 90% of the heated surface as the Grashof num-
ber increased.

Mehmood et al. [50] have simulated the MHD mixed convection in
alumina–water nanofluids filled square porous cavity using KKL model
to study the effects of non-linear thermal radiation and inclined mag-
netic field. They used the Darcy-Brinkman-Forchheimer-extended
model to formulate governing differential equations. Fig. 1 shows their
result in different Richardson numbers. Their interesting results are
summarized as below:

• For a fixed value of Richardson number, an increase in maximum
stream function value has been observed with a rise in porosity pa-
rameter and Darcy number that is more pronounced for dominant
free convective flows.

• Augmentation in maximum stream function value has been noticed
with a growth in thermal radiation parameter aswell, for free convec-
tion flows

• More heat transfer has been seen as a function of Darcy number, po-
rosity, temperature ratio, radiation and magnetic field inclination pa-
rameters in the case of nanofluids with φ=0.04 as compared to the
pure fluid

Chamkha et al. [51] studied the Effects of partial slip on entropy gen-
eration and MHD combined convection in a square lid-driven porous
enclosure saturatedwith a Cu–water nanofluids, numerically. Their out-
come indicates that an augmentation in the heat generation/absorption
parameter decreases the Nusselt number. Also, when the volume frac-
tion is raised, the Nusselt number and entropy generation are reduced.
ain with various boundary conditions [40].



Fig. 5. Schematic illustration of the geometry [58].
Fig. 3. Schematic diagram of the physical model with boundary conditions [54].
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Nithyadevi et al. [52] solved the mixed convection phenomena in a
rectangular nanofluids filled, non-Darcian porous enclosure with vari-
ous wall speed ratios. They used the finite volumemethod with SIMPLE
algorithmwith a written code to solve transport equations for fluid and
heat in two physical models. Fig. 2 shows two-dimensional rectangular
enclosures with sinusoidal heating boundary conditions on the side
Fig. 4. Effect of varying volume fractions of the nanoparticle on the
walls and adiabatic horizontal walls. Both the enclosures are saturated
with porous medium and filled by CuO nanofluids. Model-1 is consid-
ered as the test case of the present problem and used to find the high
heat transfer rates with different conditions on the moving lids.
Model-2 is formulated by the finalized results from the test cases of
model 1. Hence the configuration in model-2 is idealized as a heated
streamlines and isotherms (Gr=105, Ha=30, w= 10) [54].



Fig. 6. Numerical finite difference method grid [58].
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moving lid at the center of the nanofluids filled porous enclosure with
sinusoidal heating temperature distributions on the side walls. In addi-
tion, porous matrix is supposed to be rigid, containing spherical parti-
cles, isotropic and homogeneous. Their results can be summarized as
follows:

• The governing constraints behave as a controlling parameter for fluid
flow and thermal lines. The system of flow inhibition and confined
thermal penetration is acquired by the both the low Richardson num-
ber and Darcy number.

• Particularly, the wall speed ratio k significantly maximizes the overall
heat transfer rate and highly influences the flow behavior and tem-
perature distributions.

• Large shear force in the forced convection regime and a large Darcy
number in porous medium results in a high heat transfer rate.

• Thedispersion of CuOnanoparticles into the base fluid extensively en-
hances the heat transfer rate due to the influence of large thermal con-
ductivity of the solid-fluid mixture in nanofluids.

Selimefendigil and Oztop [53] studied the mixed convection of dif-
ferent nanofluids (water- Cu/Al2O3/TiO2) in a three-dimensional cavity
with two inner rotating cylinders, numerically using finite element
method. Vertical surfaces are kept at a constant temperature while
other walls and rotating cylinder surfaces were taken as adiabatic.
Fig. 7. Streamlines (left) and isotherms (right
They observed that when cylinders rotate, depending on the rotational
direction either enhancement or the deterioration of an average Nusselt
number is observed. For the highest value of rotational speed of the cyl-
inders, 8.5% discrepancy between the average Nusselt number is ob-
served for the nanofluids with Cu and Al2O3 nanoparticles.

2.2. Triangular enclosures

The other frequent cavity shape is triangular. Selimefendigil and
Oztop [54] investigated a mixed convection magnetohydrodynamics
(MHD) flow of copper-water nanofluids filled partially heated triangu-
lar enclosure with a rotating adiabatic cylinder, numerically. A partial
heater is added on the left vertical wall of the cavity and the right in-
clinedwall is kept at constant temperature. Otherwalls of the triangular
cavity and cylinder surface are assumed to be adiabatic. Fig. 3 shows
their solving domainwith a rotating adiabatic cylinder. They used thefi-
nite element method to solve three governing equations and one their
interesting results is shown in Fig. 4. It's understood from the figure
that The value of the maximum stream function increases as the solid
volume fraction of the nanoparticle increases. Their results can be sum-
marized as below:

• The presence of themagnetic field retarded the velocity field and con-
vection.
) for different Richardson numbers [59].



Fig. 8. The examined solar dish collector with spiral absorber [62].
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• Increasing the magnetic field parameter (Ha number) reduces the
total entropy generation and enhances the local and averaged heat
transfer.

• Increasing the solid volume fraction of nanoparticle enhances the heat
transfer due to increase in effective thermal conductivity of the
nanofluids which results in a better thermal transport of the fluid

Javed et al. [55] investigated theMHDmixed convection in a triangu-
lar cavity permeated with micropolar nanofluids-saturated porous me-
dium, numerically. They used thefinite elementmethod to compute the
numerical simulations for a wide range of pertinent flow parameters,
including Grashof number (104 b Gr b 105), Hartman number (0 b Ha
b 60), Darcy number (10−3 Da 10−1), Prandtl numbers (0.72 b Pr b
6.2), viscosity parameter (0 b K1 b 10) and solid volume fraction (0 b

φ b 0:1). They observed that heat transfer is high for nanofluids as com-
pared to plain fluid. Increase in Grashof, Prandtl and Darcy numbers re-
sults in a high heat transfer rate and strong streamline circulations,
where the effects of a moving lid are prominent for a large value of
Hartman number and small values of Grashof, Prandtl and Darcy num-
bers. A conduction regime is seen to be dominant for large Hartman and
small Grashof and Darcy numbers.

Ghasemi and Aminossadati [56] performed a numerical study on the
mixed convection ofwater-aluminananofluids in a lid-driven triangular
cavity. They investigated the effects of parameters such as Richardson
number, solid volume fraction and the direction of the sliding wall
motion on the flow and temperature fields as well as the heat transfer
rate. They concluded that for all values of the Richardson number, the
downward sliding wall has a higher heat transfer rate compared to
the upward sliding wall. For the two scenarios of upward and
downward slidingwalls, both with a constant solid volume fraction, de-
creasing the Richardson number results in a higher heat transfer rate
due to strengthening of flow circulation by the effects of sliding wall
motion.

Selimefendigil et al. [57] studiedmixed convection and entropy gen-
eration of nanofluids filled triangular enclosure with a flexible sidewall
under the influence of an inner rotating cylinder. They concluded that
the average heat transfer increases with higher values of Rayleigh num-
ber, angular rotational speed of the cylinder, elastic modulus of the flex-
ible sidewall and nanofluids volume fraction. Also, adding nanoparticles
results in heat transfer enhancement especially for the lower part of the
cavity and 49.63% of heat transfer enhancement was achieved for the
highest volume fraction comparing with pure fluid.
Fig. 9. C-shaped open cavity under the magnetic field [63].
2.3. Trapezoidal enclosures

Chamkha and Ismael [58] studied the effect of magnetic field on
mixed convection in a lid-driven trapezoidal using copper-water
nanofluids. The left inclined side wall is fixed and kept isothermal at a
cold temperature. The horizontal top and bottom walls are fixed and
thermally insulated. The magnetic field is imposed horizontally. The
problem (Fig. 5) is formulated using the stream function-vorticity pro-
cedure and solved numerically using an efficient upwind finite differ-
ence method. Fig. 6 shows their numerical grid. The selected grid sizes
(226 × 101, 230 × 71, and 285 × 51) for = 66°, 73°, and 80° the inclina-
tion angle of side walls, respectively. The criterion behind invoking
these grid sizes, is the corresponding percentage difference between
the average Nusselt numbers on the right and left inclined side walls.
It can be seen from this table that for higher inclination angles, the per-
centage difference becomes larger, this may be referred to the spread of
singularities localized in the right lower and upper corners resulting
from meeting a stationary and moving walls. The studied parameters
are the Richardson number Ri = (0.01–10), the Hartman number Ha
= (0−100), the volume fraction of Cu nanoparticles = (0–0.05), and
the inclination angle of side walls = (66°, 70°, 80°). The following re-
marks were concluded from the obtained results:
• The enhancement of the average Nusselt number due to the nanopar-
ticles is greater for the opposing lid-driven case.

• The average Nusselt number for the aiding case is an increasing func-
tion of Ri. For the opposing case, it is a decreasing–increasing function
of Ri when the volume concentration is slower than 0.04 and a de-
creasing function when it is N0.04.

• The average Nusselt number is higher at higher inclination angles of
the side walls (lower value of U).

Kareem et al. [59] themixed convection of nanofluids in a lid-driven
trapezoidal cavity. They simulated this problem using finite volume
method and assumed four nanoparticles: Al2O3, CuO, TiO2 and SiO2

with nanoparticle volume concentration in the range of 1–4% and nano-
particle diameter in the range of 25–70 nm. Their investigations per-
formed with the Richardson number and the Reynolds number in the
ranges of 0.1–10 and 100–1200, respectively. The trapezoidal lid-driven
has been investigated for different rotational angles in the range of 30°–
60°. Fig. 6 shows the streamlines and isotherms in the trapezoidal cavity.
Their results show that SiO2 gives the highest Nusselt number followed
by Al2O3, TiO2 and CuO, respectively, while pure water gives the lowest
Nusselt number. The Nusselt number increased with increasing the vol-
ume fraction of nanoparticles and the aspect ratio and decreasing the



Fig. 10. Schematic diagram of the triangular wavy chamber [64].
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nanoparticle diameter. The Nusselt number is sensitive to the rotational
angle (Φ), and it increases when Φ decreases and the inclination angle
(γ) decreases from 30° to 60°, at all values of Richardson number (Fig.
7).

Another interesting work about mixed convection of nanofluids in a
trapezoidal cavity is performed by Arefmanesh et al. [60]. They pro-
posed a newvariable-propertymodel for the thermophysical properties
of the CuO–water nanofluids. In general, more heat transfer enhance-
ments and higher entropy generations are observed employing the var-
iable-property models which consider the effect of the Brownian
motion as compared to using the constant propertyMaxwell–Brinkman
model. Furthermore, the results indicate that the effective thermal con-
ductivity of the nanofluids for a variable-property model plays a pre-
eminent role in the heat transfer and the entropy generation inside
the enclosure.
Fig. 11. Effects of surface corrugation height on the distribu
Hasib et al. [61] investigated the effect of tilt angle on pure mixed
convection flow inside two different lid-driven trapezoidal cavities
(one having heated wall on short base and another having heated
wall on long base) filled with water-alumina nanofluids, numerically.
Parametric investigations are carried out by taking base wall tilt angle
from 0° to 45° with a step of 15° and also varying Reynolds numbers
from 0.1 to a maximum order of 104 with the corresponding Grashof
numbers varying from0.01 to amaximumorder of 108 for Ri = 1. Over-
all mixed convection heat transfer characteristics of the hot bottomwall
of the trapezoidal cavities are found to be influenced by the mechanical
effect of the moving lid and the buoyancy-driven flow. Also, for short
based trapezoids, tilting the enclosure increases heat transfer from
heated wall, whereas for long based trapezoid, it decreases.

2.4. Unconventional shapes

In an interesting work, Loni et al. [62] studied the thermal and the
exergy performance of a nanofluids-based solar collector with spiral
cavity receiver, numerically (using the data set of result of another ex-
perimental work). They used four different water-based nanofluids
with the following nanoparticles: Cu, CuO, TiO2 and Al2O3. The collector
performance is examined for different nanofluid concentration, flow
rate and inlet temperature. The analysis is performed using the energy,
exergy and entropy generation criteria. Their solar dish reflector has pa-
raboloid geometry and it consists of 11 curvilinear trapezoidal reflective
petals constructed of PMMA (Polymethyl methacrylate) with a silvered
mirror layer. The absorber is a spiral coil which is located inside the
housing. This configuration is given in Fig. 8. The selected geometry
has some advantages and thus it presents a high interest. More specifi-
cally, this absorber is easily constructed and the solar energy is distrib-
uted over its surface in a relatively uniform way. According to their
final results, the use of Al2O3 is the best choice thermally, while the
use of CuO is the choice exergetically. Generally, the exergetic efficiency
of the collector is found to be close to 10%, while the thermal efficiency
tion of streamlines and isotherms at the xy-plane [69].



Table 1
shows the all of important published work about mixed convection of nanofluids in enclosures. There are about 166 published work in this field. All of the studies are numerically an se water as base fluids with different nanoparticle material. It is
interesting to note that almost all of the studies are in the laminar flow regime. Table 1 summarizes all the useful information, including geometry, Reynolds number, Rayleigh nu er, Grashof number, Richardson number, nanoparticles, volume
concentration and the maximum enhancement in Nusselt number.

No. Reference Geometry Flow
Regime

Reynolds
Number

Rayleigh
Number

Grashof
Number

Nanofluids
Analysis
Approach

Richardson
Number

Nanoparticles Nanoparticle
Concentration

Maxium
Enhancement
in Heat
Transfer (%)

indings

1 Abbasian Arani et
al. [70]

Square Laminar 100 – 100 Single-phase 0.001–10 Cu 0–10 20 hen the Reynolds number is kept constant, the rate of heat
ransfer increases with increase in Richardson number.

2 Abbasian Arani et
al. [71]

Square Laminar 1–100 – – Single-phase 0.1–10 Al2O3 0–6 – he heat transfer increases with increase in the solid volume
raction for a constant Reynolds number, heat transfer also
ncreases with increase in Richardson and Reynolds for a
articular volume fraction.

3 Abbasian Arani et
al. [72]

Square Laminar 1–100 – 100–10,000 Single-phase 0.1–10 Al2O3 0–9 – y reducing the Richardson number, optimal heat source
ocation move to the top of the wall and with an
ugmentation of Richardson number, heat source optimal
ocation move to the middle of the wall. Furthermore, the
verall heat transfer increases by increasing nanoparticles
olume fraction.

4 Abbasian Arani et
al. [73]

Square Laminar – 1000–10,000 – Single-phase 0.01–100 Al2O3 0–4 10 he heat-lines are more compressed for nanofluids than
ure fluid, which demonstrates better convective heat
ransfer by nanofluids than pure fluid.

5 Abouei Mehrizi
et al. [74]

Square Laminar – – 10,000 Single-phase 0.1–10 Cu 0–3 14.9 y adding the nanoparticles to base fluid and increasing the
olume concentration of nanoparticles, the heat transfer
ate is enhanced at different Richardson numbers and outlet
ort positions.

6 Abu-Nada &
Chamkha [75]

Square Laminar 1–1000 – 100 Single-phase 0.01–10 Al2O3 0–10 12 he significant heat transfer enhancement can be obtained
ue to the presence of nanoparticles and that this is
ccentuated by the inclination of the enclosure at moderate
nd large Richardson numbers.

7 Abu-Nada &
Chamkha [76]

Square Laminar – – – Single-phase 0.01–100 CuO 0–9 – he presence of nanoparticles causes significant heat
ransfer augmentation for all values of Richardson numbers
nd bottom wall geometry ratios.

8 Ahmed et al. [77] Square Laminar – – 10,000 Single-phase 0.01–10 Cu
Ag
Al2O3

TiO2

0–8 – he average Nusselt number along the heat source
ecreases as the heat source length increases while it
ncreases when the solid volume fraction increases.

9 Alinia et al. [78] Square Laminar – – 10,000 Two-phase 0.01–100 SiO2 0–8 22 he addition of nanoparticles enhances heat transfer in the
avity remarkably and causes significant changes in the flow
attern. Besides, the effect of inclination angle is more
ronounced at higher Richardson numbers.

10 Al-Rashed et al.
[79]

Cubic Laminar 10 – – Single-phase 0.01–100 Al2O3 0–5 – he thermal entropy generation increases by increasing the
oncentration of nanoparticles in all Richardson numbers.

11 Alsabery et al.
[80]

Square Laminar 1–500 – 10–1000 Two-phase 0.01–100 Al2O3 0–4 10 t low Reynolds number, the addition of nanoparticles has
n adverse effect on the Nusselt number when the
ichardson number is very high.

12 Aminossadati et
al. [81]

Square Laminar – – – Single-phase 0.01–100 Al2O3 0–8 36.97 he ANFIS can successfully be used to predict the fluid
elocity and temperature as well as the heat transfer rate of
he cavity, with reduced computation time and without
ompromising the accuracy.

13 Arefmanesh et al.
[82]

Square Laminar 10–1000 – 10,000 Single-phase 0.01–100 Al2O3 3–10 – llustratively showing enhancement of convection heat
ransfer by increasing the
anoparticles volume fraction, in detail, capturing all the
espective corner eddies, and distinctively showing the
ffects of the natural versus forced convection heat transfer
ithin the cavity demonstrate the competency of the

(continued on next page)
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Table 1 (continued)

No. Reference Geometry Flow
Regime

Reynolds
Number

Rayleigh
Number

Grashof
Number

Nanofluids
Analysis
Approach

Richardson
Number

Nanoparticles Nanoparticle
Concentration

Maxium
Enhancement
in Heat
Transfer (%)

Findings

present meshless technique for the application.
14 Arefmanesh et al.

[60]
Trapezoidal Laminar – – 10,000 Two-phase 0.01–100 CuO 0–4 – The differences between the average Nusselt number and

the entropy generation obtained using the different
considered variable-property models decrease with
increasing the nanoparticles volume fraction.

15 Armaghani et al.
[63]

C-shaped Laminar 10–1000 – – Single-phase 0.1–100 CuO 0–4 – With increase in Ri, the effect of nanofluids of the heat
transfer increases.

16 Arroub et al. [83] Rectangular Laminar 200–5000 106 – Single-phase 0.00465–4.03 Al2O3 0–10 17 The suspended nanoparticles contribute substantially to
improve the heat transfer exchanged and the suction mode
gives a better thermal efficiency than the injection mode

17 Arroub et al. [84] Rectangular Laminar 200–5000 106 – Single-phase 0.00465–4.03 Al2O3 0–10 38 A better cooling of the cavity is generally reached by
applying the increasing heating in the injection mode (for
low and high values of Re) and the decreasing heating in the
suction mode (for moderate and high values of Re) since
these cases lead to lower values of the mean temperature.

18 Astanina et al.
[85]

Square Laminar 100 – – Single-phase 0.01–10 Al2O3 0–4 – In the natural convection regime an addition of
nanoparticles leads to the heat transfer enhancement, while
for mixed convection and forced convection regimes an
increase in the nanoparticles volume fraction leads to the
heat transfer reduction.

19 Bahlaoui et l. [86] Rectangular Laminar 100–5000 106 – Single-phase 0.00465–1.13 Al2O3 0–10 12 The fluid suction mode yields the best heat transfer
performance. In the case when A is varied from 1 to 4, it was
obtained that the heat transfer enhancement, using
nanofluids, is more pronounced at shallow enclosures than
at tall ones.

20 Begum et al. [87] Rectangular Laminar – 1000–10,000 – Single-phase 0.01–100 Cu 0–10 – The Hartmann number and the orientation of the magnetic
field have an adverse impact on convection, hence
dominated conduction mode occurs. Moreover, it leads to
the reduction of the overall heat transfer rate.

21 Benzema et al.
[88]

Irregular Laminar 10–500 – 10–1000 Single-phase 0.1–10 Cu 0–5 11.75 The heat transfer is enhanced by dispersing cupper
nanoparticles into the base fluid and by increasing their
volume fraction and decreasing their diameter.

22 Billah et al. [89] Triangular Laminar 100 – – Single-phase 0–5 Cu 0–4 – The tilt angle strongly affects the fluid flow and heat transfer
in the enclosure at the three convective regimes.

23 Biswas et al. [90] Square Laminar 10–300 – – Single-phase 0.1–20 Cu 1–5 15 The power needed to run the pumping device strongly
depends on Re (cube of Re). The nanofluids requires more
power compared to the base fluid, again it depends upon the
values of operating parameters.

24 Bouchmel et al.
[91]

Square Laminar 1–100 104–106 – Single-phase – Cu 0–5 100 At higher Reynolds number, the effect of Cu nanoparticles
on enhancement of heat transfer was decreased because the
effect of lid-driven cavity was increased.

25 Boulahia et al.
[92]

Square Laminar 100 – 104 Single-phase 0.1–100 Cu 0–5 – By reducing the Richardson number and increasing the
volume fraction of nanoparticles, the average Nusselt
number increases.

26 Boulahia et al.
[93]

Square Laminar 100 – 104 Single-phase 0.1–100 Cu
Al2O3

TiO2

0–5 4.67 By reducing the diameter of the nanoparticles and Ri, the
heat transfer rate increases. Moreover, it is found that by
changing horizontal direction of the moving walls the heat
transfer rate variation is negligible.

27 Chamkha &
Abu-Nada [94]

Square Laminar 1–1000 – – Single-phase 0. 001–10 Al2O3 0–10 – The significant heat transfer enhancement can be obtained
due to the presence of nanoparticles and that this is
accentuated by increasing the nanoparticle volume fractions
at moderate and large Richardson numbers using both
nanofluids models for both single- and double-lid cavity
configurations.
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28 Chamkha &
Ismael [58]

Trapezoidal Laminar 100 – – Single-phase 0.01–10 Cu 0–5 – The enhancement of the Nusselt number due to the
presence of the Cu nanoparticles is greater for opposing
lid-driven case.

29 Chatterjee et al.
[95]

Square Laminar 31.6–100 – 104 Single-phase 1–10 Cu 0–20 37 The heat transfer greatly depends on the rotational speed of
the cylinder, mixed convective strength and the
nanoparticle concentration.

30 Chen et al. [96] Square Laminar – 103–106 – Single-phase 1–10 Al2O3 0–4 13 In natural convection, the streamlines and temperature
contours are found to be slightly changed by adding
nanoparticles into water. But In mixed convection,
significant differences are obtained because the influence of
adding nanoparticles on the properties of nanofluids is
enlarged by the force convection effects.

31 Cho et al. [97] WavyWalls Laminar – 106 10–10,000 Single-phase 0.01–1000 Cu
Al2O3

TiO2

0–10 29 The Cu-water nanofluids yields the best heat transfer
performance of the three nanofluids. Furthermore, it is
shown that the mean Nusselt number increases
with an increasing Grashof number given a constant
Richardson number.

32 Cho et al. [98] WavyWalls Laminar 1–200 – – Single-phase 0.01–100 Cu 0–4 – As the volume fraction of nanoparticles increases, the mean
Nusselt number and total entropy generation increase due
to the higher heat transfer irreversibility and fluid friction
irreversibility.

33 Cong et al. [99] Square Laminar 100–2000 103–108 – Single-phase 0.1–10 Al2O3 0–1 110 The buoyancy force only presents an effective influence in
the heat transfer for high values Rayleigh number, where
the convective flow becomes a mixed convection dominant
flow.

34 Dahani et l. [100] Square Laminar 31.6–316.2 – 104 Single-phase 10−1-106 Al2O3 0–4 10 The nanoparticles addition may also reduce the range of
inclinations generating an unsteady flow, and change the
threshold corresponding to the transition from the
monocellular structure to the multicellular one.

35 Darzi et al. [101] Square Laminar – 104–106 – Two-phase 0.1–10 Cu 0–4 33.3 Fins cannot enhance convective heat transfer at low and
moderate Richardson numbers due to a blockage of flow at
corners of the fins.

36 Elharfi et al. [102] Rectangular Laminar 0.1–10 – – Single-phase 10−3-106 Cu 0–20 −95 It emerges, essentially, from such a study that results related
to heat transfer in nanofluids lead to contradictory
conclusions, depending on the flow nature, thus leaving still
unanswered the question if the use of nanoparticle
suspensions for mixed convection applications is actually
advantageous with respect to pure liquids. This is
paradoxical, when nanofluids are expected to improve heat
transfer, and can be, probably, related to the conflict
between effective conductivity and viscosity with the
complicity of thecavity aspect ratio, which is large and
favours the effect of viscosity and disfavours that of
conductivity.

37 Elshehabey &
Ahmed [103]

Square Laminar – – 104 Two-phase 0.001–100 Al2O3 – – The upper half of the left wall takes the inverse behavior of
the lower half for all values of the governing parameters.

38 Fereidoon et al.
[104]

Square Laminar 1–100 – – Single-phase 0.1–10 Al2O3 0–6 20 The heat transfer increases with increasing solid volume
fraction for a constant Re. It also increases with increasing
Richardson number and Reynolds number for a particular
volume fraction. Also at low Reynolds number, the solid
volume fraction does not have much effect on flow and heat
transfer

39 Garoosi et al.
[105]

Square Laminar – 104–107 102–104 Two-phase 0.01–1000 Al2O3 0–5 – At low Rayleigh numbers and high Richardson numbers, the
particle distribution is fairly non-uniform while at high Ra
and low Ri values particle distribution remains almost
uniform for free and mixed convection cases, respectively.

40 Garoosi et al.
[106]

Square Laminar 3.162–1000 103–107 104 Two-phase 0.01–1000 Cu
TiO2

Al2O3

0–5 32 The thermophoretic effects are negligible for nanoparticles
with high thermal conductivity. As a result, in such
conditions use of homogeneous and single-phase models is

(continued on next page)
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Table 1 (continued)

No. Reference Geometry Flow
Regime

Reynolds
Number

Rayleigh
Number

Grashof
Number

Nanofluids
Analysis
Approach

Richardson
Number

Nanoparticles Nanoparticle
Concentration

Maxium
Enhancement
in Heat
Transfer (%)

Findings

valid at any Ra and Ri.
41 Garoosi et al.

[107]
Square Laminar 3.162–1000 103–107 104 Two-phase 0.01–1000 Cu

TiO2

Al2O3

0–5 96 There is an optimum volume fraction of nanoparticles,
where the maximum heat transfer occurs. In addition, the
optimal particle loading is enhanced by decreasing the size
of the nanoparticles and Ri.

42 Garoosi et al.
[108]

Square Laminar 3.16–10 104–107 104 Two-phase 0.01–100 Cu
TiO2

Al2O3

0–5 62 The optimum volume fraction of nanoparticles which
maximize the heat transfer rate is about 5% and 2% at low
and high Richardson number where force and natural
convection is dominant respectively.

43 Garoosi et al.
[109]

Square Laminar 3.16–1000 – 104 Two-phase 0.01–100 Cu
TiO2

Al2O3

0–5 – At low values of Richardson numbers, type of the
nanoparticles has nominal effect on heat transfer rate while
at high Ri by increasing the thermal conductivity of the solid
particles, the total Nusselt number and optimal particle
loading increase.

44 Garoosi et al.
[110]

Square Laminar 3.16–1000 104–107 104 Two-phase 0.01–100 Cu
TiO2

Al2O3

0–5 100 At all Rayleigh numbers, the total Nusselt number rises and
then reduces with increasing the nanoparticle volume
fractions so that there is an optimal volume fraction of the
nanoparticles where the heat transfer rate within the
enclosure has a maximum value.

45 Ghasemi &
Aminossadati
[56]

Triangular Laminar – – 105 Single-phase 0.01–100 Al2O3 0–5 51.5 The addition of nanoparticles enhances the heat transfer
rate for all values of Richardson number and for each
direction of the sliding wall motion.
However, the downward sliding wall motion results in a
stronger flow circulation within the enclosure and hence, a
higher heat transfer rate.

46 Gibanov et al.
[111]

Square Laminar 100 – – Single-phase 0.01–10 Al2O3 0–5 – The average Nusselt number at hot moving lid and nanofluid
flow rate are decreasing functions of Richardson number
and backward step height ratio.

47 Gibanov et al.
[112]

Square Laminar 100 – – Single-phase 0.01–10 Al2O3 0–5 – An increase in the nanoparticles volume fraction leads to the
heat transfer enhancement and reduction of the average
Bejan number.

48 Goodarzi et al.
[113]

Rectangular Laminar
Turbulent

– – 105–1010 Two-phase 0.03–30 Cu 0–4 – For a constant Grashof number, the Nusselt number
enhances with a decrease in the Richardson number.

49 Gümgüm &
Tezer-Sezgin
[114]

Square Laminar 10–100 103–104 – Single-phase 0.1–10 Al2O3

Cu
0–10 – The average Nusselt number increases with the increase in

volume fraction, and decreases with an increase in both the
Richardson number and heat source length.

50 Elharfi et al. [115] Rectangular Laminar 0.1–10 – – Single-phase 1–1000 Cu 0–20 75 At low and high Richardson numbers, the convection is
ensured by lid and buoyancy-driven effects, respectively,
whereas between these extremes, both mechanisms
compete. Moreover, the addition of nanoparticles, into the
pure water, has been seen enhancing and degrading heat
transfer by lid and buoyancy-driven effects, respectively.

51 Hasan et al. [116] Square Laminar 100 – 10–105 Single-phase 0.001–10 Cu 0–20 64 The distribution of streamline, isothermal lines and
heatlines are very sensitive to Richardson number. Also the
larger heat transfer rates can be achieved with nanofluids
than the base fluid for all conditions.

52 Hasib et al. [61] Trapezoidal Laminar 10−1-104 – 10−2-108 Single-phase 1 Al2O3 0–10 – Presence of the nanofluid in comparison to the plain fluid
also significantly affects the thermal scenario inside the
cavity. Overall mixed convection heat transfer
characteristics from the hot bottom wall of the trapezoidal
cavities are found to be influenced by the mechanical effect
of the moving lid and the buoyancy-driven flow.

53 Hasan & Ismael
[117]

Square Laminar 100 – – Single-phase 0.01–10 Cu 0–5 – The strong mixing inside the cavity, due to the shear action,
make the action of nanoparticles addition useless.

54 Hassanzadeh Square Laminar – 104 – Single-phase 0.1–10 Cu 0–3 – The averaged Nusselt number increases by augmentation of
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Afrouzi & farhadi
[118]

solid volume fraction. The Richardson number had more
fect on Nusselt number when obstacle was located at the
ttom section of enclosure.

55 Hatami et al.
[119]

T shaped Laminar 50 – – Single-phase 0.1 Cu
TiO2

Al2O3

0–5 – e proposed method, FEM combined with RSM, is
pposed to has a wide application for the time-efficient
timization of heat transfer through irregular geometry.

56 Hemmat Esfe et
al. [120]

Square Laminar – – 104 Single-phase 0.001–10 Cu 0–6 – adding nanoparticles to the fluid, strength of the vortices
creases in all cases. Also, by increasing volume fraction of
noparticles, average Nusselt number increases which also
ows increase of heat transfer rate.

57 Hemmat Esfe et
al. [121]

Square Laminar – – – Single-phase 0.1–10 Al2O3 0–5 – s Richardson number increases, the average Nusselt
mber rapidly increases. Also, as the mean nanoparticle
ameter increases, the corresponding flow velocity
creases, and hence the heat transfer enhancement is
duced.

58 Hemmat Esfe et
al. [122]

Square Laminar – – – Single-phase 0.01–100 Al2O3 0–5 7.71 t the horizontal position of the cavity in which buoyancy
rce completely aids shear force, maximum heat transfer is
tained at all Richardson numbers.

59 Hemmat Esfe et
al. [123]

Square Laminar – – 104 Single-phase 0.01–100 Al2O3 0–5 11.4 e addition of nanoparticles produces a remarkable
hancement on heat transfer with respect to that of the
re fluid.

60 Hemmat Esfe et
al. [124]

Square Laminar – – 104 Single-phase 0.01–100 DWCNT 0–0.4 2.35 t a constant Ri, as the aspect ratio increases, the
hancement percentage of the Nusselt number increases
hen the solid volume fraction increases.

61 Hussain et al.
[125]

Square Laminar 1–100 – – Two-phase 0.01–10 Al2O3 0–4 – ugmentation in nanoparticles volume fraction and
chardson number causes a significant increase in the heat
ansfer.

62 Hussain et al.
[68]

Open
Cavity

Laminar 10–200 – – Two-phase 0.01–20 Al2O3 0–4 – n increase in the inclination angle up to 135°, maximum
mperature gradient occurs and the temperature
stribution is enhanced in the cavity that results an
crease in the heat transfer.

63 Hussain et al.
[126]

Open
Cavity

Laminar 1–200 – – Single-phase 0.01–20 Al2O3 0–4 – e increase in the Reynolds number and nanoparticle
lume fraction causes an enhancement in the rate of heat
ansfer and entropy generation tools while the average
jan number takes the inverse behavior.

64 Hussain et al.
[127]

Square Laminar – – – Two-phase 0.01–5 Al2O3 0–4 – e average temperature increases with a growth in Ri; q
d Kr whereas it decreases with / and Le.

65 Ismael et al. [128] Square Laminar – – – Single-phase 0.001–1000 Cu 0–10 – e natural convection decreases with increasing the length
the heat source for all ranges of the studied parameters,
hile it is do so due to the vertical distance up to Hartman
mber of 50, beyond this value the natural convection
creases with lifting the heat source narrower to the top
all.

66 Ismael et al. [129] Square Laminar 100–300 – – Single-phase 0.01–100 CuO 0–7 – e local distribution of the Nusselt number along the
ater surface shows that the minimum Nusselt number
curs at the bottom right corner of the heater.

67 Izadi et al. [130] Square Laminar 10 – – Single-phase 1–100 Al2O3 0–5 – general, for cases with one overall vortex, the cavities
hich have separate sources induce better cooling and have
gher Nu number

68 Izadi et al. [131] Square Laminar – – – Single-phase 1–100 Al2O3 0–5 – the cavity, natural convection could act against force
nvection and weaken its effect.

69 Jafari et al. [132] Square Laminar 1–100 – 102–107 Single-phase – Cu 0–5 d frequency does not have a significant effect on thermal
aracteristics at low Reynolds numbers, meanwhile at
gher Reynolds numbers, increment of lid frequency results
heat transfer reduction. Moreover, solid volume fraction
found to have better efficiency at higher Grashof numbers.

70 Javed et al. [55] Triangular Laminar 1–100 – 104–105 Single-phase – Cu 0–10 – e larger values of Darcy number escalate the flow strength
the cavity, and increase in solid volume fraction increases
e average Nusselt number.

(continued on next page)
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Table 1 (continued)

No. Reference Geometry Flow
Regime

Reynolds
Number

Rayleigh
Number

Grashof
Number

Nanofluids
Analysis
Approach

Richardson
Number

Nanoparticles Nanoparticle
Concentration

Maxium
Enhancemen
in Heat
Transfer (%)

Findings

71 Jmai et al. [133] Square Laminar 1–100 104 – Single-phase 0.01–100 Cu 0–10 31 Besides the results obtained from this study, one can say
that the driven-cavity flow exhibits a number of interesting
physical features. Singularity, and yet importantly for
extended situations, instabilities and transitions when the
speed of the lids is increased before becoming turbulent
may be appear. Surely, several computational efforts will to
be undertaken to complete the present study.

72 Kahveci & Ogut
[134]

Square Laminar – – 104 Two-phase 0.1–10 Cu
Ag
CuO
Al2O3

TiO2

0–10 38 The heat transfer rate increases considerably with a
decrease in the Richardson number and the length of the
heater.

73 Kalteh et al. [135] Square Laminar 5–400 – 100 Single-phase 0.000625–1 Ag
CuO
Al2O3

TiO2

0–5 – Increasing the nanoparticles diameter leads to a decrease in
the average Nusselt number for all Richardson numbers.

74 Karbasifar et al.
[136]

Square Laminar 426–1355 – – Single-phase 0.1–100 Al2O3 0–0.2 5.94 Increase in the Reynolds number and volume fraction
increase the increasing trend of Nusselt number.

75 Kareem et al.
[137]

Trapezoidal Laminar 100–1200 – – Two-phase 0.1–10 SiO2

CuO
Al2O3

TiO2

0–4 – The results show that SiO2 gives the highest Nusselt number
followed by Al2O3, TiO2 and CuO, respectively while pure
water gives the lowest Nusselt number.

76 Kareem et al.
[138]

Cubic Turbulent 5000–30,000 – – Single-phase – SiO2

CuO
ZnO

0–8 – The flow and temperature patterns can be affected by the
presence of nanoparticles, and the influence on patterns
increases more significantly by either decreasing the
Reynolds number or increasing the nanoparticle volume
fraction

77 Karim et al. [49] Square Laminar – – 105–107 Single-phase – Ag 0–4 90 The overall Nusselt number at the heated surface rises with
an increasing estimation of Gr.

78 Karimipour et al.
[139]

Rectangular Laminar – – 104 Single-phase 0.1–10 Cu 0–4 – At constant volume fraction the higher value of Ri
corresponds to a lower value of the amplitude of the
oscillation of Nu in the steady periodic state.

79 Karimipour et al.
[140]

Square Laminar 100 – – Single-phase 0.1–10 Al2O3 0–6 44 There is a very sharp increase in the Nusselt number
and subsequently in the heat transfer ratio while the
Richardson number increases at a constant velocity ratio.

80 Karimipour et al.
[141]

Rectangular Laminar 10–100 – – Single-phase 0.1–10 Cu 0–4 – Most heat transfer rate can be achieved at vertical position
of cavity at free convection domination for higher values of
Re and volume fraction.

81 Kasaeipoor et al.
[67]

T Shaped Laminar 10–400 – – Two-phase 0.01–10 Cu 0–6 – At Ri = 10, as AR increases from 0.1 to 0.4, Nu initially
decreases until it reaches its minimum and then increases.

82 Kefayati [142] Square Laminar – – 100 Single-phase 0.001–1 Al2O3 0–9 – The effect of nanoparticle on the enhancement of heat
transfer decreases with increase in power-law index. The
influence of nanoparticle for different power-law indexes
drops as the Richardson number augments.

83 Kefayati [143] Square Laminar – – 100 Single-phase 0.001–1 Al2O3 0–9 23 Heat transfer declines with increase in Richardson number
generally for different studied parameters. The addition of
nanoparticle increases heat transfer for various Richardson
numbers and power-law indexes.

84 Kefayati [144] Square Laminar 10–316.23 – 100 Single-phase 0.001–1 Cu 0–9 – The magnetic field declines heat transfer generally and also
changes the effect degree of nanoparticles on the increase in
heat transfer.

85 Kefayati [145] Square Laminar – – 100 Single-phase 0.001–1 Al2O3 0–9 – The increase in Hartmann number drops heat transfer
generally and also affects the power-law index and
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nanoparticle influences on heat transfer.
86 Kefayati [146] Square Laminar – – 100 Two-phase 0.001–1 Al2O3 0–9 – The rise of the Thermophoresis and Brownian motion

parameters ameliorates mass transfer and declines heat
transfer significantly. The augmentation of buoyancy ratio
number enhances heat and mass transfer.

87 Kareem & Gao
[147]

Cubic Turbulent 5000–10,000 – – Single-phase – SiO2 0–5 – The incremental heat transfer rates at the walls can be
achieved by increasing the cylinder rotation speeds, but
these increases have weaker influences on the top wall than
on the bottom wall.

88 Khorasanizadeh
et al. [148]

Square Laminar 1–100 104–106 – Single-phase – Cu 0–5 100 At Rayleigh numbers N105, most of the entropy generation
is due to heat transfer effects, thus the Bejan number
converges to a constant value. A proper choice of Reynolds
number is important, if enhanced heat transfer and
minimum increased entropy generation is expected.

89 Loni et al. [62] Spiral Laminar – – – Single-phase – Cu
CuO
Al2O3

TiO2

0–5 – The use of alumina nanoparticle leads to the higher thermal
efficiency for all the examined concentration ratios. The
thermal efficiency of the solar collector is close to 35% for
the examined cases. This low value is explained by the low
optical efficiency of the pilot system.

90 Mahmoodi [149] Rectangular Laminar – – – Single-phase 0.1–10 Al2O3 0–10 – The average Nusselt number of the hot wall of tall
enclosures is more that to that of the shallow enclosures.

91 Mahmoudi et al.
[150]

Square Laminar 50–1000 – – Single-phase 0–10 Cu 0–5 42 Both Re and Ri and also the solid concentration largely
influence the thermal characteristics and the flow filed.

92 Mamourian et al.
[151]

Square Laminar – – 100 Single-phase 0.01–100 Cu 0–10 – Increasing of the nanoparticle volume fraction reduces the
entropy generation rate because an increased nanoparticle
volume fraction decreases the temperature gradients and
leads to a reduction in the entropy generation rate.

93 Mansour et al.
[152]

Square Laminar 1–100 103–104 – Single-phase – Cu
Ag
Al2O3

TiO2

0–20 – Increasing in solid volume fraction leads to decrease both of
activity of the fluid motion and fluid temperature however,
it leads to increase the corresponding average Nusselt
number.

94 Mansour et al.
[153]

Square Laminar 1–1000 – 103–105 Single-phase – Cu 0–20 – The mixed convection mode is dominant at the high values
of Reynolds number and augmented heat transfer rates
(Nusselt number) can be obtained by increasing the
Reynolds number.

95 Mastiani et al.
[154]

Square Laminar – – 104 Single-phase 0.01–100 Cu 0–5 – The maximum value of the average Nu number can be
achieved under the Boussinesq approximation when the
shear-driven force is aligned with the buoyancy force.

96 Mehmood et al.
[155]

Square Laminar 1–200 – – Single-phase 0.01–10 Al2O3 0–20 – Increase in average Nusselt number and kinetic energy has
been examined with an increase in nanoparticles volume
fraction.

97 Mehmood et al.
[50]

Square Laminar 100 – – Single-phase 0.01–100 Al2O3 0–4 – Augmentation in maximum stream function value has been
noticed with a growth in thermal radiation parameter as
well, for free convection flows.

98 Mehrez et al.
[156]

Open
Cavity

Laminar 100–500 – 104 Single-phase 0.-04–1 Cu 0–6 – The heat transfer and the entropy generation increase by
adding nanoparticles. However, the rate of the increase of
heat transfer is greater for weak Reynolds number at
moderate inclination angles, whereas that of entropy
generation is weakly varied.

99 Mirzakhanlari et
al. [157]

Square Laminar – – 104 Single-phase 0.1–10 Al2O3 0–3 24.59 To design any equipment for energy related fields, it must be
noted that the Ri number is the most significant factors on
heat transfer improvement and drag coefficient reduction.

100 Mittal et al. [158] Square Laminar – – 102–104 Single-phase 100 Al2O3 0–10 159 Increase in solid volume fraction leads to a decrease in both
the activity of fluid motion and fluid temperature. However,
it leads to an increase in the corresponding average Nusselt
number.

(continued on next page)
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Table 1 (continued)

No. Reference Geometry Flow
Regime

Reynolds
Number

Rayleigh
Number

Grashof
Number

Nanofluids
Analysis
Approach

Richardson
Number

Nanoparticles Nanoparticle
Concentration

Maxium
Enhancement
in Heat
Transfer (%)

Findings

101 Mittal et al. [159] Square Laminar – – 104 Single-phase 100 Cu
Ag
Al2O3

TiO2

0–10 52 Adding silver (Ag) nanoparticles to the base fluid inside the
porous medium leads to a higher heat transfer rate and
hence a high Nusselt number. To the contrary, adding
titanium oxide (TiO2) nanoparticles to the base fluid yields
small values of Nusselt number. It is found to be a linear
variation of the average Nusselt number with the increase in
solid volume fraction.

102 Mojumder et al.
[160]

T Shaped Laminar 0.31–1000 – 0.1–5000 Single-phase – Al2O3 0–15 – High value of Grashof number works in favor of better heat
transfer. Increased Grashof number results in higher Nusselt
number value. At constant Grashof number, Richardson
number has more influence on flow inside the cavity than
Reynolds number. Thermal buoyancy effect is generally
stronger in nanofluid under the same condition.

103 Moumni et al.
[161]

Square Laminar 1–100 – – Single-phase 1–20 Cu
Ag
Al2O3

TiO2

0–20 47 The addition of nanoparticles to the base fluid leads to the
decrease of the activity of the fluid motion and causes a
substantial increase in the heat transfer rate

104 Muthtamilselvan
et al. [162]

Square Laminar – – – Single-phase – Cu 0–8 31.5 Both the aspect ratio and solid volume fraction affect the
fluid flow and heat transfer in the enclosure. Also, the
variation of the average Nusselt number is linear with solid
volume fraction.

105 Muthtamilselvan
& Doh [163]

Square Laminar 100 0–105 104 Single-phase 0.04–4 Cu 0–6 – In the condition of uniform heating the heat transfer rate is
generally decreases from bottom corners and attains
maximum at the center of the bottom wall for all Richardson
number.

106 Muthtamilselvan
& Doh [164]

Square Laminar 10–1000 – 100 Single-phase – Cu
CuO
Ag
Al2O3

TiO2

0–6 – The suspended nanoparticles remarkably enhance heat
transfer process and the nanofluid has larger heat transfer
coefficient than that of the original base liquid under the
same Reynolds number. This is due to a substantial increase
in effective dynamic viscosity compared to that of the base
fluid and consequently a stronger convection is induced.

107 Muthtamilselvan
& Sureshkumar
[165]

Rectangular Laminar – – – Single-phase 0.01–100 Cu 0–6 – The overall heat transfer rate increases with an increase of
Darcy number and solid volume fraction in the presence of
thermal radiation effect.

108 Nasrin et al. [64] Triangular
Wavy

Laminar 10–300 – 104 Single-phase 0.1–10 CuO 0–10 29.4 Heat transfer enhancement can be obtained significantly
due to the presence of nanoparticles. The rate of heat
transfer is accentuated moderately by falling the Richardson
number and rising the Reynolds number as well as the solid
volume fraction.

109 Nasrin et al. [166] Triangular
Wavy

Laminar 10 – – Single-phase 0.1–10 CuO 0–20 – The Richardson number plays a significant role on the heat
transfer characterization within the triangular wavy
chamber. Also, the present results show that an increase in
volume fraction has a significant effect on the flow patterns.

110 Nayak et al. [167] Skewed Laminar 100 – 104 Single-phase 0.1–5 Cu 0–20 – The average Bejan number shows that the entropy
generation occurs due to the heat transfer irreversibilities
for all the case considered. The average Bejan number
increases with the increase of Richardson number and
nanoparticle volume fraction.

111 Nayak et al. [168] Skewed Laminar 100–1000 – 105 Single-phase 0.1–5 Cu 0–20 – The addition of nanoparticles produce an enhancement in
the heat transfer but reduce the effect of buoyancy. The
impact of the inclination angle on the heat transfer and
entropy generation is analyzed for the considered range of
the skew angle to determine the optimum heat transfer
characteristics.
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112 Malik & Nayak
[169]

Square Laminar 1–100 100 – Single-phase 0.1–10 Cu 0–20 – It is found that the heat transfer and fluid flow is sensitive to
the solid volume fraction. Moreover, the solid volume
fraction variation is an active factor for the average Nusselt
number as nanoparticle volume fraction changes flow
pattern.

113 Nithyadevi et al.
[170]

Rectangular Laminar – – 104 Single-phase 0.01–100 Cu 0–20 The features of enclosure inclination, presence of copper
nanoparticles in the fluid-saturated porous media and
inserting moving wall at the centre of the enclosure are
found to enhance the heat transfer rate.

114 Nithyadevi et al.
[52]

Rectangular Laminar – – – Single-phase 0.01–1 CuO 0–5 92.5 The diffusion of CuO solid particles into the base fluid
extensively enhances the heat transfer rate due to the
influence of large thermal conductivity of the solid-fluid
mixture in nanofluids.

115 Öğüt [171] Square Laminar – – 104 Single-phase 0.1–10 Ag
Cu
CuO
Al2O3

TiO2

0–10 – The motion of the side wall and nanoparticle usage has
significant effects on the flow and temperature fields. A
significant increase in the average Nusselt number is seen
with an increase in the volume fraction of nanoparticles and
a decrease in the Richardson number.

116 Öztop et al. [172] Wavy
Square

Laminar 100 – – Single-phase 0.1–10 CuO 0–5 – The rate of heat transfer decreases with increasing the
Hartmann number. The rate of heat transfer can be
enhanced or reduced by increasing the volume fraction of
nanoparticles based on Hartmann and Richardson numbers.

117 Pourmahmoud et
al. [173]

Square Laminar 100 103–106 – Single-phase 0.1–10 Cu
Al2O3

TiO2

0–20 40 Increasing the value of Rayleigh number and volume
fraction of nanoparticles enhances the heat transfer keeping
other parameters fixed. The type of nanofluids is a key factor
to heat transfer enhancement. The highest values are
obtained when using Cu nanoparticles.

118 Pourmahmoud et
al. [174]

Square Laminar – – – Single-phase 0.1–10 CuO 0–5 – Decreasing the value of Richardson number enhances the
heat transfer keeping other parameters fixed at different
predictor models.

119 Rahmannezhad
et al. [175]

Square Laminar 1–100 104 – Single-phase – Al2O3 0–5 – The enhancement in heat transfer performance of the
nanofluid with respect to that of the base fluid is depended
on the Reynolds number.

120 Rahmati et al.
[176]

Square Laminar – – 100 Single-phase 0.01–100 Cu 0–6 – The average Nusselt number obtained for the constant
properties model is higher compared with that of variable
properties model.

121 Rajarathinam et
al. [177]

Square Laminar – – 104 Single-phase 0.001–100 Cu 0–5 – The heat transfer rate increases with Darcy number and
volume concentration but decreases with Richardson
number.

122 Rashad et al.
[178]

Square Laminar – – – Single-phase 0.001–10 Cu 0–10 – 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 very strong
applied magnetic field, the lid direction becomes inactive.

123 Rashad et al.
[179]

Square Laminar – – 104 Single-phase 1 Cu 0–5 – The effect of partial slip condition on the temperature
distributions using uniform bottom heating is clearer than
the non-uniform heating. Also an increase in the
nanoparticles volume fraction causes a reduction in the fluid
flow and temperature distributions.

124 Saedodin et al.
[180]

Square Laminar 1–100 – – Single-phase 0.1–10 Al2O3 0–6 – Increase in Reynolds number at a specific Richardson
number and aspect ratio causes temperature gradient and
consequently heat transfer to increase.

125 Said et al. [181] Square Laminar 700–1600 104–106 – Single-phase – Al2O3

CuO
SiO2

TiO2

0–4 – The Nusselt number enhances with the enhancement in
Rayleigh number. Also, geometry plays a significant role on
the Nusselt number using nanofluids.

126 Salahi et al. [182] Rectangular Laminar 408.21 105–107 – Single-phase 0.1–10 Cu 0–8 22.4 The average Nusselt number has significant increasing trend

(continued on next page)
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Table 1 (continued)

No. Reference Geometry Flow
Regime

Reynolds
Number

Rayleigh
Number

Grashof
Number

Nanofluids
Analysis
Approach

Richardson
Number

Nanoparticles Nanoparticle
Concentration

Maxium
Enhancement
in Heat
Transfer (%)

Findings

with increasing concentration of the nanoparticles. The
average or overall Nusselt number increases mildly with
cavity inclination for the forced convection dominated case
(Ri = 0.1) while it increases much more rapidly with
inclination for natural convection dominated case (Ri = 10)

127 Salari et al. [183] Square Laminar 1–1000 103–106 – Single-phase – Cu 0–20 – The maximum dimensionless temperature decreased with
the increase of Rayleigh number, the solid volume fraction,
the Reynolds number, and the heat sources' length or
whenever the heat source locations moved away from the
origin of coordinate.

128 Sebdani et al.
[184]

Square Laminar 1–100 103–106 – Single-phase – Al2O3 0–9 – The average Nusselt number increases as the location of the
heat source moves toward the left wall. When the Reynolds
number increases, while the Rayleigh number is keeping
constant, the forced convection becomes stronger that
causes the heat transfer rate to increases.

129 Selimefendigil &
Öztop [185]

Square Laminar 50–300 – 103–105 Single-phase – Al2O3 0–5 – For both the top and bottom walls, with increasing the
Reynolds number, heat
transfer increases for the same Grashof number. Increasing
the Grashof number, heat transfer is generally enhanced.
The numerical results could be extended to include the
transient effects, and an identification procedure could be
used for the unsteady case.

130 Selimefendigil &
Öztop [54]

Triangular Laminar – 104–106 104–106 Single-phase – Cu 0–5 231.1 Increasing the solid volume fraction of nanoparticle
enhances the heat transfer due to increase in effective
thermal conductivity of the nanofluids which results in
better thermal transport of the fluid.

131 Selimefendigil &
Öztop [186]

Square Laminar – – – Single-phase 0.001–10 Cu 0–5 17 The presence of the magnetic field retarded the velocity field
and convection. Averaged heat heat transfer decreases with
increasing Hartmann number. When the solid volume
fraction of nanoparticle is increased, heat transfer increases
due to increase in effective thermal conductivity of the
nanofluid which results in better thermal transport of the
fluid.

132 Selimefendigil &
Öztop [187]

Square Laminar – 103–106 – Single-phase 0.01–5 SiO2 0–1.5 9.17 The local and averaged heat transfer enhances as the
external Rayleigh number, nanoparticle volume fraction and
absolute value of the angular rotational velocity of the
cylinder increase and as the internal Rayleigh number
decreases. The elastic modulus of the side walls can be used
to control the fluid flow and heat transfer inside the cavity.
Utilizing cylindrical nanoparticles gives the best
performance in terms of heat transfer enhancement.

133 Selimefendigil &
Öztop [188]

Square Laminar – – – Single-phase 0.1–100 Cu 0–4 28.96 The heat transfer process becomes ineffective for high
values of Strouhal number, Hartmann number and low
values of Richardson number. The convection within the
cavity is suppressed when the strength of the magnetic field
is higher such that the corresponding Hartmann number is
N20.

134 Selimefendigil &
Öztop [189]

Square Laminar – 103–106 – Single-phase 0.01–100 CuO 0–5 239.35 Better thermal transport of the fluid within the cavity is seen
due to the increment of effective thermal conductivity of the
nanofluid as the volume fraction of the solid nanoparticles
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increases. The local and averaged Nusselt number
deteriorates as the strength of the magnetic field increases
due to the dampening of the fluid motion and suppression of
the convection with magnetic field.

135 Selimefendigil &
Öztop [190]

Square Laminar – 103–105 – Single-phase 1–10 SiO2 0–3 14.1 As the value of external Rayleigh number increases, internal
Rayleigh number and elastic modulus of the flexible wall
decrease, the local and averaged heat transfer enhances. The
averaged heat transfer enhances with cylinder rotation in
both directions for all nanoparticle types. Among all
nanoparticle shapes, cylindrical ones show the best
performance and spherical ones show the worst
performance for heat transfer enhancement.

136 Selimefendigil et
al. [191]

Triangular Laminar – – – Single-phase 0.01–100 CuO 0–5 81.75 Addition of nanoparticle becomes an effective way to
enhance the heat transfer when the heat transfer is high and
convection is not damped with lowering the Hartmann
number especially for the lower triangular domain.

137 Selimefendigil &
Öztop [192]

Triangular Laminar – 104–108 – Single-phase 0.05–50 CuO 0–4 55 The local and averaged heat transfer reduces as the value of
the Richardson number and internal Rayleigh number
increase. As the value of the elastic modulus of the inclined
wall and nanoparticle volume fraction increase, local and
average heat transfer enhance. The discrepancy between the
averaged Nusselt number increase for different sizes for the
lower values of elastic modulus of the flexible wall. When
heat transfer process is effective adding nanoparticles to the
base fluid is advantageous.

138 Selimefendigil et
al. [193]

Trapezoidal Laminar – – 105 Single-phase 0.05–50 CuO 0–4 25.3 Average Nusselt number increases linearly with solid
particle volume fraction and heat transfer enhancement of
25.30% is obtained for nanofluid with the particle at the
highest volume fraction as it is compared to the base fluid.

139 Selimefendigil &
Öztop [194]

Triangular Laminar – 105 – Single-phase 0.01–25 Al2O3 0–3 – As the value of solid particle volume fraction increases,
differences between average Nusselt number increases for
different electrical conductivity models. The configuration
with higher nanoparticle volume fraction results in higher
thermal conductivity but depending upon the electrical
conductivity enhancement more suppression of the
convective fluid motion can be observed.

140 Selimefendigil et
al. [195]

Square Laminar – 103–106 – Single-phase – CuO 0–5 432.55 The averaged heat transfer enhances almost linearly with
nanoparticle volume fraction for different cylinder sizes and
adding solid nanoparticles to the base fluid is favorable for
the locations when high values of local Nusselt number is
observed. Local and averaged Nusselt number enhance as
the cylinder approaches to the upper wall of the cavity.

141 Selimefendigil et
al. [196]

Square Laminar 100–1000 – – Single-phase 0.01–5 CuO 0–4 74.35 The presence of the magnetic field retarded the convection
and due to the suppression of the convective recirculating
flow within the cavity with the magnetic field. The local and
averaged heat transfer along the bottom wall decrease with
increasing Hartmann number. Adding nanoparticles, and
considering the effect of Brownian motion on the effective
thermal conductivity, influences the velocity and local heat
transfer within the cavity.

142 Selimefendigil &
Öztop [53]

Square Laminar – 104–106 – Single-phase 0.01–5 Al2O3

Cu
TiO2

0–5 38.1 As the nanoparticles are added to the base fluid, average
Nusselt number enhances linearly with solid particle
volume fraction and discrepancy between average heat
transfer increases for higher values of solid particle volume
fractions.

143 Selimefendigil et Corrugated Laminar 500 104–106 – Single-phase 0.0057 CNT 0–4 128 Due to the different effects of opposing and aiding natural

(continued on next page)
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Table 1 (continued)

No. Reference Geometry Flow
Regime

Reynolds
Number

Rayleigh
Number
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Number

Nanofluids
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Number

Nanoparticles Nanoparticle
Concentration

Maxium
Enhancement
in Heat
Transfer (%)

Findings

al. [69] convection in the upper and lower parts of the
three-dimensional cavity, clockwise and counterclockwise
rotation results in different enhancements of the average
heat transfer. Augmentation of average Nusselt number up
to 68% is achieved for counter-clockwise rotation of the
cylinder.

144 Selimefendigil &
Chamkha [197]

Triangular Laminar – – – Single-phase 0.1–100 Al2O3 0–2 30 The inclination angle of the magnetic field where the
minimum of the average Nusselt number is seen depends on
the fluid type. Average heat transfer number is the highest
for the highest value of the opening ratio. The
average Nusselt number enhances with solid particle
volume fraction, and there are slight variations in the
reduction in the average Nusselt number when base fluid
and nanofluid are considered for various power law indices.

145 Selimefendigil et
al. [198]

Square Laminar – – – Single-phase 0.01–100 CuO 0–5 28.96 It is found that the flexible fin can be a good control
parameter for heat and fluid flow in both nanofluid and pure
fluid. The local and average heat transfer increase as the
value of the Richardson number increases.

146 Shahi et al. [199] Square Laminar 50–1000 – – Single-phase 0–10 Cu 0–5 37 Increase in solid concentration leads to increase in the
average Nusselt number at the heat source surface and
decrease in the average bulk temperature.

147 Sheikhrobat et al.
[200]

Square Laminar – 104 – Single-phase 0.1–10 Cu 0–10 – –

148 Sheikhzadeh et
al. [201]

Square Laminar – – 104 Single-phase 0.01–100 Al2O3 0–6 – At low Richardson numbers, the average Nusselt number
was more sensitive to the viscosity and the thermal
conductivity models.

149 Sheikhzadeh et
al. [202]

Square Laminar – – 104 Single-phase 0.1–10 Cu 0–8 – The direction of moving wall mainly affected the flow field,
temperature gradient and heat transfer. In addition, by
increasing the volume fraction of nanoparticles, the
variation of average Nusselt number on the hot wall, as an
index of heat transfer rate, is linear in two cases.

150 Sheremet et al.
[203]

Square Laminar 10–100 50–500 – Two-phase – Cu – – The average Nusselt number at hot vertical wall is an
increasing function of the Rayleigh and Reynolds numbers
and a decreasing function of the usual Lewis number. While
the average Sherwood number at this vertical wall is an
increasing function of the usual Lewis.

151 Shirvani et al.
[204]

Square Laminar – – 104 Single-phase 0.01–10 Cu 0–1 – Reduction in the Richardson number causes the forced and
natural convections to be mixed, and isothermal lines start
to rotate. At lower Ri numbers, velocity and temperature
fields are more affected by forced convection, creating a
vortex structure. As the Richardson number gets smaller, the
forced convection mechanism becomes dominant. As a
result, the Nusselt number increases.

152 Sivasankaran et
al. [205]

Square Laminar – – 104 Single-phase 0.01–100 Cu 0–20 – The average heat transfer decreases first and approaches a
constant value on increasing the slip parameter for all values
of Richardson number. The average heat transfer rate
decreases first and increases on increasing the volume
fraction of nanoparticles for both cases of direction of
moving wall.

153 Sourtiji et al.
[206]

Square Laminar 300 – – Single-phase 0–10 Al2O3 0–8 – The performance of the nanoparticle on the enhancement of
the heat transfer at higher Richardson numbers is less than
that of lower Richardson numbers.

154 Sourtiji et al.
[207]

Square Laminar 10–500 – – Single-phase 0–10 Al2O3 0–5 12.1 The average Nusselt number is an increasing function of
Reynolds number, Richardson number and nanoparticles
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volume fraction. The pressure drop coefficient is also
increased in the presence of nanoparticles. Moreover
performance of the nanoparticles utilization on the
enhancement of heat transfer at higher Richardson numbers
is less than that of with lower Richardson numbers.

155 Talebi et al. [208] Square Laminar 1–100 104–106 – Single-phase – Cu 0–5 52 At the fixed Reynolds number, the solid concentration
affects on the flow pattern and thermal behavior
particularly for a higher Rayleigh number. In addition it is
observed that the effect of solid concentration decreases by
the increase of Reynolds number.

156 Tiwari & Das [48] Square Laminar – 103–106 104 Single-phase 0.01–100 Cu 0–20 125 The nanoparticles when immersed in a fluid are capable of
increasing the heat transfer capacity of base fluid. As solid
volume fraction increases, the effect is more pronounced.
The variation of average Nusselt number is nonlinear with
solid volume fraction.

157 Wang et al. [209] Square Laminar – – 100 Single-phase 0.001–100 CuO 0–4 10.1 It was predicted that significant heat transfer enhancement
could be obtained due to the presence of nanoparticles. Also,
we can see that when Brownian motion is considered, the
solid volume fraction has significant effects on the heat
transfer rate for all the Richardson numbers considered.

158 Zare Ghadi et al.
[210]

Square Laminar 100 – 102–105 Single-phase – Al2O3 0–5 – The heat transfer rate is increased with the presence of the
nanoparticles, while the magnetic field decreases, generally,
the heat transfer rate.

159 Zare Ghadi &
Valipor [211]

Square Lamifnar 100 – 103–105 Single-phase – Cu 0–5 – Nanoparticles assist the mechanism to have a better heat
transfer. In other words, increasing in volume fraction is led
to heat transfer amplification, because nanoparticles
increase thermal conductivity and augments flow intensity.

160 Zeghbid &
Bessiah [212]

Rectangular Laminar 10 103–106 – Single-phase – Cu 0–20 – The average Nusselt number increases with the increase of
the Rayleigh number, solid volume fraction and aspect ratio
of the cavity.

161 Chamkha et al.
[51]

Square Laminar – – – Single-phase 0.001–10 Cu 0–20 – When the volume fraction is raised, the Nusselt number and
entropy generation are reduced. The impact of Hartmann
number on heat transfer and the Richardson number on the
entropy generation and the thermal rendering criteria are
also presented and discussed.

162 Ekici [213] Square Laminar 1–100 102–106 – Single-phase – Al2O3 0–5 – The relative magnitudes of effective thermal conductivity
values for different models do not translate into the heat
transfer enhancement due to convective effects. Moreover,
it is shown that thermal behavior of nanofluids approaches
to the one of base fluid's as the buoyancy driven flow gets
stronger, which is independent of the employed effective
property models.

163 Nayak et al. [214] Square Laminar 100–1000 – 104 Single-phase 0.1–3 Cu 0–20 – The Bejan number increases with the increase of Reynolds
number at a fixed value of Grashof number but it decreases
with the increase of Grashof number when the Reynolds
number is constant.

164 Nayak et al. [215] Square Laminar 1–200 – – Two-phase 0.5–5 Cu 0–5 3.5 The nanoparticles distribution is nonuniform inside the
enclosure and this non-uniformity increases with the rise of
the temperature difference. The variation of the average
Nusselt number and total entropy generation with the
variation of the relevant parameter is analyzed for the
thermodynamic optimization.

165 Selimefendigil et
al. [57]

Triangular Laminar – 104–106 – Single-phase 1–100 Cu 0–5 49.63 Normalized total entropy generation rates enhance for
higher values of elastic modulus of the flexible wall, angular
rotational speed of the circular cylinder and nanoparticle
volume fractions.

166 Zeghbid &
Bessiah [216]

Square Laminar 1–500 103–106 – Single-phase – Cu
Ag
Al2O3

TiO2

0–10 – Increasing the Rayleigh number, the maximum
dimensionless temperature decreases and the intensity of
the flow increases through the increase of streamlines, and
the average Nusselt number increases along the heat
sources.

(continued on next page)
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is close to the35%due to the relatively highoptical losses.Moreover, it is
found that the pumping work of this collector is extremely low and the
Bejan number is approximately close to 1. The results of this work can
be exploited for selecting the proper water-based nanofluids for solar
dish collectors with thermal and exergy criteria, aswell as for determin-
ing the impact of various parameters in the system performance.

Armaghani et al. [63] studied the MHD mixed convection of
nanofluids in an open C-shaped cavity. The vertical wall of the left side
is subjected to a hot and constant temperature. Also, other walls are in-
sulated. Fig. 9 shows the studied physicalmodel of a two dimensional C-
shaped enclosure with inlet and outlet of water- copper oxide
nanofluids and length and height of L. The enclosure is under constant
magnetic field. Nanofluids enters the enclosure from the top right cor-
ner and exits from it from thebottom right corner. Finally, they obtained
the following results:

• With an increase of theHartmannnumber, the heat transfer increases.
• With an increase of the Reynolds number, the heat transfer increases.
• The local Nusselt number is increased via increasing the Richardson
number.

• Increasing nanofluids volume fraction leads to heat transfer enhance-
ment.

• With increase in the aspect ratio of the enclosure, the heat transfer
increases.

Nasrin et al. [64] studied the mixed convection of CuO-water
nanofluids flow in a triangular wavy chamber. Fig. 10 shows their com-
putational domain. The left and right vertical walls of the cavity take the
form of a triangular wavy pattern. The bottom and top horizontal walls
are mechanically driven. The lower and upper surfaces move to the
right and left direction at the same constant speed respectively. They
maintain constant temperature lower than both vertical walls. They
used two differentmodels to estimate the effective nanofluids' viscosity,
namely the Brinkman [65] model and the Pak and Cho [66]. The
nanofluids is assumed incompressible and the flow is conceived as lam-
inar and two-dimensional. It is idealized that water and nanoparticles
are in thermal equilibrium and no slip occurs between the two media.
The thermo-physical properties of the nanofluids are assumed to be
constant except for the density variation, which is approximated by
the Boussinesqmodel. They concluded that significant heat transfer en-
hancement can be obtained due to the presence of nanoparticles and
that this was accentuated by increasing the nanoparticles volume frac-
tion at moderate and large Reynolds number using both nanofluids
models. However, for Ri ≤ 4, the Pak and Cho correlation [66] predicts
that the presence of nanoparticles caused reductions in the heat transfer
rate. The percent increase in the average Nusselt number using the Pak
and Cho correlation is higher than the Brinkman model [65] due to the
variation of nanoparticles volume fractions.

Kasaeipoor et al. [67] studied the mixed convection of copper-water
nanofluids in a vented T-shaped cavity under the effect of a uniform
magnetic field, numerically. Some sections of the bottom walls of the
cavity are heated at a constant temperature and the other walls are
thermally insulated. The nanofluids at a relatively low temperature
enter from the bottom and exits from the top of the cavity. The
governing equations are solved numerically with a finite volume ap-
proach using the SIMPLE algorithm. They found that at low values of
Re, average Nusselt number (Num) increases slightly as Ha increases;
however, at higher values of Re, the rate of increase for NumwithHa be-
comes more noticeable.

Hussain et al. [68] conducted an entropy generation analysis of
mixed convective flow in an inclined channel with cavity with Al2O3-
water nanofluids in a porous medium, numerically. The discrete system
of nonlinear equations is treated by using Newton's method and the as-
sociated linear systems are computed using monolithic geometric mul-
tigrid solver with Vanka-type smoother. The effects of some physical



Fig. 12. The published paper growth during last decade.
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parameters in the specific ranges such as Richardson number (0.01–20),
Reynolds number (10−200), Darcy number (10−6–10−3), inclination
angle (0°–360°), porosity (0.2–0.8) and solid volume fraction (0–0.04)
on the flow are presented. They found that the average Nusselt number
and Bejan number enhance with an increase in the inclination angle.
Also, increasing the value of Re number up to Re = 200 makes the
heat transfer to rise, significantly.

Selimefendigil et al. [69] studied the CNT-water nanofluids mixed
convection in a 3D corrugated cavitywith an inner rotating cylinder, nu-
merically using Galerkin weighted residual finite element method. Fig.
11 shows their streamlines and isotherms that are affected by introduc-
ing a higher penetration of the triangular wave into the cavity, and ad-
ditional circulation cites are established which are the corners of the
triangular wave. For the cold wall, isotherms become more clustered
Fig. 13. The most active publish
as a reduction of aspect ratio. They observed that the significant effects
on the heat transfer enhancements are achievedwhen using nanofluids
and enhancements up to 128% is obtained at the highest particle volume
fraction of 4% as compared to basefluid. But, there is a very slight change
in location of maximum velocity and local heat transfer along the cold
surface.

3- Statistical Analysis.
Some statistical analysis is presented in this section. At the first step

take a look at the trend of the importance of the nanofluids mixed con-
vection in enclosures for the research community, over the world. Fig.
12 shows the noticeable growth in published work during the last de-
cade. This figure demonstrates ever-increasing attention to this novel
and interesting field of research. However, according to the Fig. 13, the
most active publishers are Elsevier, Springer, Taylor & Francis and
ers in this field of research.



Fig. 14. The published paper contributions by different journals.
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ASME, respectively. Elsevier published N100 papers in this field with a
total 4142 citations. It could be concluded that any published paper by
Elsevier has N41 citations, yet. After that, Taylor & Francis has 8 pub-
lished papers with 105 citations (with the average about 13 citations
per paper). Then, ASME and Springer have 7.8 and 3.3 citations per
Fig. 15. The most frequ
paper, respectively. As a result, the Elsevier is the pioneer publisher in
this field of research with very large distance with the others.

Also, between a couple of journals publishing papers related to the
nanofluidsmixed convection, there are three journals withmost impor-
tant role:
ent nanoparticles.
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- International Journal of Heat and Mass Transfer (11.4%)
- International Communications in Heat and Mass Transfer (11.4%)
- Powder Technology (5.4%)

Fig. 14 shows the percentage of published papers by different
journals.

Also, Table 2 shows the scientists with themost contribution of pub-
lished papers in this field of research. Their number of papers and total
citations are listed in the table. The literature survey demonstrates that
the most frequent nanoparticle used in the nanofluids mixed convec-
tion in enclosures are alumina, copper, copper oxide and titanium diox-
ide, respectively. It seems that the accuracy of estimation of
thermophysical properties correlations of above nanofluids supported
by some experimental results leads to using these nanofluids. Fig. 15
shows the most frequently used nanoparticles in this field of research
with their percentage.

Also, Fig. 16 shows themost frequent enclosure shapes in nanofluids
mixed convection studies with their percentages. As one can see, the
square shape has a great piece of pie and then the rectangular shape is
also frequent in this field of research.

3. Conclusion

The most important conclusions during this literature survey are
summarized as follows:

- The heat transfer enhanceswith an increase in the nanoparticles vol-
ume concentration, in a constant Reynolds number.

- The heat transfer enhances with an increase in Richardson and
Reynolds numbers in a constant nanoparticles volume
concentration.
- The thermal entropy generation increases by increasing the concen-
tration of nanoparticles in all Richardson numbers.

- The nanofluids requires more power compared to the base fluid,
again, it depends upon the values of operating parameters.

- For a constant Grashof number, the Nusselt number enhances with a
decrease in the Richardson number.

- In the cavity, natural convection could act against force convection
and weaken its effect.

- The mixed convection mode is dominant at the higher values of the
Reynolds number and augmented heat transfer rates (Nusselt num-
ber) can be obtained by increasing the Reynolds number.

- All studies in this field of research have performed numerically in
laminar regime. There is no analytical and experimental study.

- The square and rectangular shapes are most frequent cavities and
the alumina, copper and copper dioxide are most prevalent nano-
particles in this field of research.

- This is a novel field of research that needsmore analytical and exper-
imental studies to know better thermos-physical properties of the
phenomena.
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