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The main aim of this paper is to improve the heat transfer in a square cavity with a body
at the left wall filled with a Al2O3/water nanofluid for different geometries. Numerous simula-
tion experiments are conducted. A relative temperature is maintained at the vertical and top
horizontal walls while the bottom wall is warm. The finite volume approach is considered to
resolve the equations governing the thermal transfer flow in the physical domain based on the
SIMPLER algorithm. In this study, different values of the following parameters are considered:
Rayleigh number (104 ≤ Ra ≤ 105) and solid volume fraction (0 ≤ φ ≤ 0.1) of nanoparticles
(NPs). Parameters, such as the Rayleigh (Ra) and Bejan (Be) numbers, thermal conductivity,
body’s dimensions, and NPs volume fraction, which directly affect the entropy generation and
heat transfer rate, are studied in a particular way. The obtained results show that entropy
generation goes ahead with the Ra increase and inverse to the solid volume fraction increase.
One can notice that the heat transfer has a proportional relation with φ and Ra.
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Notations

CP – specific heat [J · kg−1 ·K−1],
K – thermal conductivity [W ·m−1 ·K−1],
L – cavity length [m],

Nus – local Nusselt number along the heat source,
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Num – average Nusselt number,
U , V – dimensionless velocity components,
x, y – Cartesian coordinates [m],
X, Y – dimensionless coordinates (x/L, y/L),

P – dimensionless pressure,
G – gravitational acceleration [m/s2],

Ra – Rayleigh number (gβ∆TL3/νfαf ),
Stotal – total entropy generation,
Sf – entropy generation due to friction,
Be – Bejan number,
Sth – entropy generation due to heat transfer.

Greek symbols

α – thermal diffusivity [m2 · s−1],
β – thermal expansion coefficient [K−1],
ϕ – solid volume fraction,
θ – dimensionless temperature,
µ – dynamic viscosity [kg ·m−1 · s−1],
ν – kinematic viscosity [m2 · s−1],
ρ – density [kg ·m−3].

Subscriptions

b – length of the body at the top wall,
h – lower part body height,
a – length of the body at the bottom,
P – nanoparticle,
f – fluid (pure water),

nf – nanofluid,
c – cold.

1. Introduction

Numerous researchers have studied laminar natural convection in cavities.
Due to useful engineering purposes, such as removing heat from electrical appa-
ratus, solar collectors, etc., several research papers have focused on improving
natural convection in cavities by adding nanofluids (Alloui et al. [1], Zhang
et al. [2], Jou and Tzeng [3] and Heris et al. [4]). Abu-Nada [5] dealt with the
entropy generation in his study on a backward-facing step subjected to bleeding
conditions. This study concluded that the maximum entropy generation num-
ber (Ns) values are at the bottom wall (inside the primary recirculation zone)
and the leading edge of the top wall, and high values for the Be number are
on the top and bottom walls. Kim and Baek [6] dealt with the influence of
radiation on the compressible turbulent flow. This study found that the radia-
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tive heat flux played some role only in the recirculating zone. Guerrero and
Cotta [7] presented the flow behavior in a backward-facing step using a bench-
mark integral transform technique. Benard et al. [8], based on the dielectric
barrier discharge (DBD) plasma actuator, investigated the coherent structure
dynamics control on a backward-facing step. The natural convection evolution
in a cavity stimulated by a heated backward step was studied by Chang and
Tsay [9] and Ramšak [10]. Niemann and Fröhlich [11] studied the effect of
buoyancy force on the backward-facing step in the presence of heat transfer; the
results of their study contributed to understanding of buoyancy force effect on
turbulent heat transfer in the considered regime.

Xu et al. [12] presented an experimental study that aimed to optimize the
flow field control of a backward-facing step. For this purpose, a synthetic jet
device was developed. Kherbeet et al. [13] presented an experimental work
to reveal the heat transfer and nanofluid flow evolution. The obtained experi-
mental results agree with those presented in the literature. Mramor et al. [14]
discussed the laminar backward-facing step flow under magnetic field conditions.
Statnikov et al. [15] dealt with wake flow modes in transonic backward-facing
step geometry. The study on the heat convection of an Al2O3/water nanofluid
subjected to a magnetic field was presented in Aghakhani et al. [16] and Al-
naqi et al. [17]. The heat transfer rate was discussed under different conditions
such as magnetic field strength, the Rayleigh number evolution, radiation pa-
rameter and NPs’ concentration. Baghsaz et al. [18] studied the convection
heat transfer behavior under NP sedimentation in a completely porous enclo-
sure. A conductive heat transfer was obtained while natural convection and
rotational flow decreased as formation of sediment layers at the bottom of the
enclosure reduced the streamlines. Bezi et al. [19] studied the natural convection
effect on the entropy generation for multiple nanofluids within a semi-annular
cavity. The obtained results proved that with increasing ϕ and Ra the entropy
generation is augmented.

Bondareva et al. [20] studied numerically the natural convection with the
entropy generation in a partially heated open cavity with a Cu-water nanofluid.
Their study showed that for high values of the Rayleigh number heat transfer
improved and fluid flow reduced. Cho [21] investigated the heat transfer effect
and entropy generation in a mixed convection flow in a wavy-wall enclosure.
Dogonchia et al. [22] studied magnetic nanofluid natural convection in the
porous cavity using control volume finite element method (CVFEM). Dormo-
hammadia et al. [23] optimized the heat transfer based on the entropy gener-
ation minimization method in a wavy channel. Hashim et al. [24] studied the
natural convection in a U-shaped CuO/water nanofluid filled cavity. Khakrah
et al. [25] studied heat transfer and nanofluid flow during natural convection
based on the thermal lattice Boltzmann in a rectangular enclosure with a sinu-
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soidal wall. Rahimi et al. [26, 27] investigated natural convection in H-shaped
enclosure and entropy generation under different conditions.

Selimefendigil and Oztop [28] presented the analysis of natural convec-
tion of nanofluid in an inclined enclosure containing wavy shape conductive
partition. Their study illustrates that higher values of Ra stand for the aver-
age Nusselt (Nu) number augmentation. On the other hand, the higher values
of the Hartmann number stand for the average Nu number reduction. Sheik-
holeslami and Oztop [29] studied an Fe3O4-water nanofluid natural convec-
tion in a cavity with a sinusoidal surface cylinder subjected to an external mag-
netic field using the CVFEM. The obtained result shows that the thermal plume
slanted to the left side because of the Lorentz forces. A high Hartmann number
stands for a more effective impact of adding NPS. Sheremet et al. [30] studied
the natural convection of nanofluid in a curvy-walled cavity. The considered cav-
ity contained an isothermal heater at one of its corners. The heat source in this
cavity was obtained from the left bottom corners, and the cooling source was
obtained from the top curvy part. Other walls were adiabatic. The single-phase
nanofluid method was used to obtain the equivalent mathematical model. Has-
san et al. [32] studied the thermal energy and mass transport of shear-thinning
fluid under the effects of low to high shear rate viscosity. Shafiq et al. [33] in-
vestigated the thermal energy and mass transport of shear-thinning fluid under
the effects of low to high shear rate viscosity.

Reddy et al. [34] studied the radiation, velocity and thermal slips effect to-
ward MHD boundary layer flow through heat and mass transport of Williamson
nanofluid with porous medium. Dhif et al. [35] presented a thermal analysis
of the solar collector cum storage system using hybrid nanofluids. Mebarek-
Oudina [36] studied the numerical modeling of the hydrodynamic stability in
a vertical annulus with a heat source of different lengths. Mebarek-Oudina [37]
studied the convective heat transfer of titania nanofluids of different base fluids
in a cylindrical annulus with a discrete heat source. Chabani et al. [38] pre-
sented the numerical analysis of magnetic hybrid nano-fluid natural convective
flow in an adjusted porous trapezoidal enclosure. Marzougui et al. [39] studied
the entropy generation and heat transport of Cu-water nano liquid in a porous
lid-driven cavity through a magnetic field.

This paper presents the research of stable laminar natural convection in
a cavity loaded with nanofluid. The authors have considered different geome-
tries to get the influence of each Ra, Nf, thermal conductivity on total entropy
generation, and the average Nusselt number. This study begins by introducing
the principle of entropy generation and nanofluid into a square cavity. After
that, we present the considered geometry and mathematical model. Then, the
numerical method and code validation are tested in the third section to show
the effectiveness of the considered code. Results and discussion are presented in
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the fourth section. At the end of this study, a conclusion is given to outline the
various findings.

2. Geometry configuration and mathematical modeling

2.1. Problem statement

Figure 1 shows the considered geometry, which consists of a square cavity
containing a body filled with nanofluid at its left wall. A relative temperature is
maintained at the vertical and top horizontal walls while the bottom wall is hot.
Since the base fluid is incompressible, the hypothesis of a Newtonian fluid, which
fulfills the Boussinesq condition, the laminar flow and the nanofluids, is consid-
ered incompressible. Thermophysical properties of the nanofluid are constant,
in opposition to density variation predicted by the Boussinesq hypothesis. The
thermo-physiques properties are recapitulated in Table 1.

Fig. 1. Schematic for the physical model.

Table 1. Thermo-physical propertiesof pure water and NPs [31].

ρ
[kg ·m−3]

Cp
[J · kg−1 ·K]

k
[W ·m−1 ·K−1]

β · 10−5

[K−1]
α · 10−6

[m2/s]

Pure water 997.1 4179 0.613 21 0.147

Alumina (Al2O3) 3970 765 40 0.85 13.17

2.2. Modeling equations

The following equations present momentum, continuity and energy model for
the laminar and stable state natural convection in a 2D square enclosure [31]:

(2.1)
∂u

∂x
+
∂u

∂y
= 0,
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u
∂u

∂x
+ v

∂u

∂y
=

1

ρnf

[
−∂p
∂x

+ µnf

(
∂2u

∂x2
+
∂2u

∂y2

)]
,(2.2)

u
∂v

∂x
+ v

∂v

∂y
=

1

ρnf
−
[
∂p

∂x
+ µnf

(
∂2v

∂x2
+
∂2v

∂y2

)
+ (ρβ)nf g (T − TC)

]
,(2.3)

u
∂T

∂x
+ v

∂T

∂y
= αnf

(
∂2T

∂x2
+
∂2T

∂y2

)
,(2.4)

∂2T

∂x2
+
∂2T

∂y2
= 0.(2.5)

The nanofluid’s efficient density is as follows:

(2.6) ρnf = (1− φ) ρf + φρp,

where φ denotes the NPs’ solid volume fraction, and the thermal diffusivity of
the nanofluid is given by:

(2.7) αnf = knf/ (ρCp)nf .

The heat capacitance of the nanofluid could be expressed by:

(2.8) (ρCp)nf = (1− φ) (ρCp)f + φ (ρCp)p .

The following equation permits to determine the nanofluid thermal expansion
coefficient:

(2.9) (ρβ)nf = (1− φ) (ρβ)f + φ (ρβ)p .

Brinkman specifies the nanofluid effective dynamic viscosity as follows [40]:

(2.10) µnf =
µf

(1− φ)2.5
,

where knf is the nanofluid thermal conductivity presented in Eq. (2.11), accord-
ing to Maxwell [41], for spherical NPs:

(2.11) knf = kf

[
(kp + 2kf )− 2φ (kf − kp)
(kp + 2kf ) + φ (kf − kp)

]
.

Dimensionless parameters are set up, in spite of making the equations model
in a dimensionless form as:

(2.12)

X =
x

L
, Y =

y

L
, U =

uL

αf
,

V =
vL

αf
, P =

pL2

ρnfα
2
f

, θ =
T − TC

∆T (= TH − TC)
.
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Equations that govern dimensionless continuity, momentum and energy are
given by:

∂U

∂X
+
∂V

∂Y
= 0,(2.13)

U
∂U

∂X
+ V

∂U

∂Y
= − ∂P

∂X
+

µnf
ρnfαf

(
∂2U

∂X2
+
∂2U

∂Y 2

)
,(2.14)

U
∂V

∂X
+ V

∂V

∂Y
= −∂P

∂Y
+

µnf
ρnfαf

(
∂2V

∂X2
+
∂2V

∂Y 2

)
+

(ρβ)nf
ρnfβnf

Ra Pr θ,(2.15)

U
∂θ

∂X
+ V

∂θ

∂Y
=
αnf
αf

(
∂2θ

∂X2
+
∂2θ

∂Y 2

)
,(2.16)

∂θf
∂X

= Rc
∂θs
∂X

.(2.17)

The Rayleigh number (Ra), Prandtl number (Pr), and thermal conductivity rate
Rc are expressed respectively by:

(2.18) Ra =
gβfL

3(TH − TC)

νfαf
, Pr =

νf
αf
, Rc =

Ks

Kf
.

2.3. Entropy generation model

The terms that quantify the entropy generation irreversibility presented in
Eq. (2.19) are presented by:

• a character expressing the heat transfer,
• a character reflecting the viscous friction.
After that, the local entropy generation is given by:

(2.19) sgen =
knf
T 2
0

[(
∂T

∂x

)2

+

(
∂T

∂y

)2
]

+
µnf
T0

{
2

[(
∂u

∂y

)2

+

(
∂v

∂y

)2
]

+

(
∂u

∂y
+
∂v

∂x

)2
}
,

where T0 = (TH + TC)/2.
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Based on the above introduced non-dimensional parameters, the dimension-
less local entropy generation in Eq. (2.19) becomes:

(2.20) Sgen =
knf
kf

[(
∂θ

∂x

)2

+

(
∂θ

∂y

)2
]

+ ϕ

{
2

[(
∂U

∂X

)2

+

(
∂V

∂Y

)2
]

+

(
∂U

∂Y
+
∂V

∂X

)2
}
.

The irreversibility distribution rate ϕ is given by:

(2.21) ϕ =
µnf T0
kf

(
αf

L (TH − TC)

)2

.

Integrating the following equation in all computational domains, gives the
dimensionless total entropy generation St:

(2.22) St =

ˆ
Sgen dV.

The ratio between the entropy generation due to heat transfer and the total
entropy generation is called the Bejan number and is expressed as [33]:

(2.23) Be =
Sgen,h
Sgen

.

2.4. Boundary conditions

The dimensionless boundary conditions are given by:

(2.24)

at X = 0, 0 ≤ Y ≤ 1 : U = V = 0, θ = 1,

at X = 1, 0 ≤ Y ≤ 1 : U = V = 0, θ = 0,

at Y = 0, 0 ≤ X ≤ 1 : U = V = 0, θ = 0,

at Y = 1, 0 ≤ X ≤ 1 : U = V = 0, θ = 0.

2.5. Local and mean Nusselt numbers

The local Nusselt number is given by:

(2.25) Nu =
hL

kf
,
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where h denotes the heat transfer coefficient and it is given by:

(2.26) h = −knf
(
∂T

∂x

)
wall

.

Based on the aforementioned non-dimensional variables, the local Nusselt
number becomes

(2.27) Nu = −
knf
kf

(
∂θ

∂X

)
wall

.

As a final point, the mean Nusselt number Num can be expressed as:

(2.28) Num =
1

A

ˆ
Nu dA.

3. Numerical method

The control volume algorithm is considered to resolve equations Eqs. (2.13)–
(2.16) with boundary conditions [42]. Simulation is via a FORTRAN code based
on numerical procedure of SIMPLER [42] to treat the pressure-velocity coupling.
The power-law scheme is adopted to treat convection terms when the energy
balances are less than a specified accuracy value, i.e., 0.1%.

3.1. Grid independence study

Five grids with: 40× 40, 60× 60, 80× 80, 100× 100, and 120× 120 nodes
are used to obtain the best one. Table 2 gives the maximum values of Num
behavior in the function of grid size for the Al2O3-water nanofluid, φ = 0.1
and Ra = 105. In this table, one can notice that for the three grids of 80× 80,
100× 100, and 120× 120, a small change takes place in the calculated value.
In addition, for 100× 100 and 120× 120 nodes, we observe that the variation of
Num is less than 0.00001. Despite the fact that the tests are carried out regarding
numerical solution and the mesh, the grid chosen to complete calculations is the
fourth one: 100× 100 nodes.

Table 2. Grid independency properties (Al2O3-water nanofluid, φ = 0.1 and Ra = 105).

Grid 40× 40 60× 60 80× 80 100× 100 120× 120

Num 9.60801 10.60801 10.65801 10.66801 10.66802

3.2. Code validation

To show the numerical code’s effectiveness, the obtained result is compared
with Aminossadati and Ghasemi’s results [31]. Figure 2a shows the dimensionless
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a) b)

Fig. 2. Comparison of the obtained results to Aminossadati and Ghasemi [31], at Ra = 105:
a) local Nu number, b) the vertical velocity profile.

Nu comparison, whereas Fig. 2b shows the vertical velocity profile along the
midsection of the enclosure for Cu-water nanofluid. It is clear that the obtained
results show an excellent agreement with those presented in the literature.

4. Results and discussion

Natural convection is affected by different parameters such as Ra, rate of
thermal conductivity and different geometry shapes. In the simulation, alumi-
num NPsare dropped in water with a concentration of (φwater = 0.9, φAl = 0.1).

Figure 3 shows the streamlines and isotherms for the nanofluid φ = 0.1
and various Ra numbers, thermal conductivities and body dimensions. Let us
note that that the flow pattern consists of two counter-rotating cells for all
configurations (Figs. 3–5). This movement of the fluid forms counter rotating
circulating cells within the enclosure. At Ra = 104, the streamlines show two
vortices; the first big vortex in the vertical portion and the small one in the
horizontal part for all thermal conductivity values. This is related mainly to
the buoyancy force effect. Indeed, the fluid flow increases in the middle and
decreases on the enclosure’s side as a result of buoyant forces generated by fluid
temperature differences. The fluid movement has a counter-rotating form in the
enclosure. One can notice that the circulating cells’ nature is changing according
to Ra. For Ra = 105 and 106, streamlines exhibit stronger flow patterns, and it
is remarkable that the fluid flow is asymmetrical. Moreover, this asymmetry is
accompanied by an augmentation in the flow intensity and a diminution in the
size of two vortexes, and we observe small cell in the cavity, which moves to
the cavity’s side.

The corresponding isotherms (Figs. 3–5) present asymmetry for all the cases.
The isotherms are quasi-parallel to isothermal walls representing the predomi-
nance of heat conduction at a low Ra = 104 for all thermal conductivity values.
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a) φ = 0.1, Ra = 104

rKsf = 1 rKsf = 10 rKsf = 100

b) φ = 0.1, Ra = 105

rKsf = 1 rKsf = 10 rKsf = 100

[Fig. 3ab]
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c) φ = 0.1, Ra = 106

rKsf = 1 rKsf = 10 rKsf = 100

Fig. 3. Current function (up) and isotherms representation (down) for the loaded cavity under
the condition of Al2O3 for case 1 (a = 0.1, b = 0.4, h = 0.5), φ = 0.1, various rKsf values, and

Ra = 104 (a), Ra = 105 (b), and Ra = 106 (c).

a) φ = 0.1, Ra = 104

rKsf = 1 rKsf = 10 rKsf = 100

[Fig. 4a]
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b) φ = 0.1, Ra = 105

rKsf = 1 rKsf = 10 rKsf = 100

c) φ = 0.1, Ra = 106

rKsf = 1 rKsf = 10 rKsf = 100

Fig. 4. Stream function (up) and isotherms representation (down) for the loaded cavity under
the condition of Al2O3, for case 2 (a = 0.2, b = 0.4, h = 0.5), φ = 0.1, various rKsf values, and

Ra = 104 (a), Ra = 105 (b), and Ra = 106 (c).
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a) φ = 0.1, Ra = 104

rKsf = 1 rKsf = 10 rKsf = 100

b) φ = 0.1, Ra = 105

rKsf = 1 rKsf = 10 rKsf = 100

[Fig. 5ab]
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c) φ = 0.1, Ra = 106

rKsf = 1 rKsf = 10 rKsf = 100

Fig. 5. Current function (up) and isotherms representation (down) for the loaded cavity under
the condition of Al2O3 for case 3 (a = 0.3, b = 0.4, h = 0.5), φ = 0.1, various rKsf values, and

Ra = 104 (a), Ra = 105 (b), and Ra = 106 (c).

Heat transfer within the enclosure occurs primarily as a consequence of con-
duction. For Ra = 105 and 106, we notice the thermal boundary layer along
the horizontal wall bottom and near the body. The isotherms have a heavy
density close to the body and bottom wall. This fact leads to a heat transfer
coefficient augmentation. The addition of NPs to pure water weakens the po-
tency of the flow field; this reduction is more pronounced at small Ra (104). The
thermal conductivity effect of NPs justifies the presence of NPs and their solid
volume fraction. When the thermal conductivity ratio increases, the isotherm
lines contract near the body and the bottom wall for all values of Ra. We notice
that the best distribution is obtained when the heat source length is equal to
case 1 (a = 0.1, b = 0.4, h = 0.5). Figure 6 demonstrates the Num evolution
concerning NPs volume fraction for various Ra numbers (104–106) at various
thermal conductivities and different body dimensions. For all Ra values, the
Num increases as the volume fraction increases, and the conductive heat trans-
fer increases by adding more NPs to the base fluid. On the other hand, the
convective heat transfer is reduced because of lower velocity and higher den-
sity. While average heat transfer remains constant, the presence of the NPs has
more effect on the heat transfer in the case of a small Ra number. At that point,
the conduction mechanism has a major role. A stronger convection heat transfer
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a) Case 1 (a = 0.1, b = 0.4, h = 0.5)

b) Case 2 (a = 0.2, b = 0.4, h = 0.5)

c) Case 3 (a = 0.3, b = 0.4, h = 0.5)

d) Case 4 (a = 0.2, b = 0.1, h = 0.5)

e) Case 5 (a = 0.2, b = 0.3, h = 0.5)

Fig. 6. Num evolution with respect to solid volume fraction for various Ra, thermal conduc-
tivities and different geometries.
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when Ra > 104 ameliorates the mean Nu number; besides, the mean Nu number
enhancement is proportional to NPs presence and the increased Ra. The mean
Nusselt number has a linear variation form in this case. This is due to the high
buoyancy forces effects. Here, convection is the dominant mechanism inside the
cavity. One can observe a small difference in the Nusselt numbers when the ther-
mal conductivity k = 10 and k = 100 but a large difference when k = 1. The
average heat transfer increases as the thermal conductivity increases, which is
more pronounced for higher values. On the other hand, the heat transfer for
water-based nanofluids containing alumina NP is more efficient than the base
fluid, resulting from the higher thermal conductivity of the two solid NPs. The
solid volume fraction increase governs the heat transfer increase. First of all,
the convection heat transfer becomes more dominant while the Rayleigh number
augments, but efficient thermal conductivity is attained. Moreover, the nanoflu-
ids’ viscosity effects also become significant. Increasing the volume fraction of
NPs directly affects the heat transfer where the behavior of the responsible fac-
tors is as follows. The first one reduces the heat transfer rate, which could be
expressed in the nanofluid’s viscosity increase. The second factor improves the
thermal exchange at the point of augmenting the nanofluid’s thermal conduc-
tivity. From what was said previously, it is clear that the viscosity effect is less
operative than that of the conductivity. On the other hand, the heat transfer
rate has a proportional relation to the volume fraction. We can note that the
highest values of the Num are obtained for Ra = (104, 105) shown in case 1
(a = 0.1, b = 0.4, h = 0.5). For Ra = 106 it is obtained both in case 5 (a = 0.2,
b = 0.3, h = 0.5) and case 2 (a = 0.2, b = 0.4, h = 0.5). Furthermore, the lowest
values of Num are obtained for case 3 (a = 0.3, b = 0.4, h = 0.5) and case 5
(a = 0.2, b = 0.1, h = 0.5).

Figure 7 demonstrates the evolution of the Stot with φ of Al2O3 NPs and for
various Ra (104–106) at different thermal conductivities and body dimensions.
The total entropy generation decreases as the NPs increase for all cases, but for
Ra = 104, the Stot increases as the NPs increase for all cases, since a greater num-
ber of NPs is added, the predictable result is an increased viscosity and thermal
conductivity. NPs presence has two contrary effects on the entropy generation.
The first one is expressed in the heat transfer improvement, which decreases the
temperature gradient and reduces entropy generation. Other than that, friction
losses increase with the nanofluid viscosity increase, which leads to an entropy
generation increase. Entropy at a higher Ra number is reduced significantly by
NPs presence. A greater number of NPs increases the viscosity and the thermal
conductivity. As noticed, when Ra is less than 105, the dominant effect in de-
creasing the total entropy generation is the Ra value. However, the Ra number is
more distinctive in nanofluid than the base fluid. An Ra increase introduces an
entropy generation increase because of the heat transfer flow augmentation and,
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a) Case 2 (a = 0.2, b = 0.4, h = 0.5)

b) Case 3 (a = 0.3, b = 0.4, h = 0.5)

c) Case 4 (a = 0.2, b = 0.1, h = 0.5)

d) Case 5 (a = 0.2, b = 0.3, h = 0.5)

Fig. 7. The Stot evolution with φ for various Ra, thermal conductivities, and geometries.

consequently, a higher temperature gradient. In other words, entropy generation
obtained from heat transfer concentrates along the walls. We can conclude that
the highest values of Stot are obtained for Ra = (104, 105) case 4 (a = 0.2,
b = 0.1, h = 0.5) and for Ra = 106 case 2 (a = 0.2, b = 0.4, h = 0.5) and
case 4 (a = 0.2, b = 0.1, h = 0.5), and low-ranking values of the total entropy
generation are obtained for case 3 (a = 0.3, b = 0.4, h = 0.5).

Figure 8 demonstrates the Be evolution with the volume fraction of Al2O3

NPs and for various Ra (104–106),thermal conductivities and body dimensions.
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a) Case 1 (a = 0.1, b = 0.4, h = 0.5)

b) Case 2 (a = 0.2, b = 0.4, h = 0.5)

c) Case 3 (a = 0.3, b = 0.4, h = 0.5)

d) Case 4 (a = 0.2, b = 0.1, h = 0.5)

e) Case 5 (a = 0.2, b = 0.3, h = 0.5)

Fig. 8. The Be evolution with φ for various Ra, thermal conductivities, and geometries.
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The Be augments with the increasing volume fraction of Al2O3 NPs in all of the
cases studied and increased the viscosity of the working fluid and the thermal
conductivity, so that the heat transfer irreversibility mode is dominant relative
to that of viscous irreversibility. An increased flow velocity adds to the Be re-
duction, corresponding to the fluid friction irreversibility effect increase in all
the cases. Remarkably, this increase in Be is obtained at the same time as the
total entropy generation quickly increases. Additionally, we observe that the up-
permost and low-ranking values of Be are obtained for case 3 (a = 0.3, b = 0.4,
h = 0.5) and case 4 (a = 0.2, b = 0.1, h = 0.5), respectively.

5. Conclusions

The present paper presented an approach for heat transfer in a square cavity
with a body located at the left wall filled with a Al2O3/water nanofluid for diffe-
rent geometries. The discussed results were obtained via the Fortran program for
numerous experiments. The results show that the total entropy generation in-
crease is related to the Ra number increase. Besides, the NPs volume fraction
increase led to the Nu number increase and the total entropy generation de-
crease. The Be number increased because of the thermal conductivity ratio and
NPs volume fraction augmentation. Dimensional variation of the body directly
affected the Nu number, which involved heat transfer.
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