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The entropy generation due to magnetohydrodynamic mixed convection flow and heat transfer in a Gammashaped porous cavity is explored in this research by the finite volume technique. There exists an internal heating
generation inside the cavity and the top and bottom walls are moving by constant velocities to induce forced
convection. The cavity is filled with copper/water nanofluid and subjected to an inclined uniform magnetic field. A
numerical simulation is performed to study the effects of several key parameters such as the Hartmann number,
nanoparticle volume fraction, and the length and location of a heat source inside the Gamma-shaped cavity on the heat
transfer performance. The numerical results are presented graphically in the forms of isotherm, streamline contour
plots and changing Nusselt numbers and entropy generation. The increase of the Nusselt number with the volume
fraction is more pronounced for the smallest heat source, a heat source placed at the lowest height from the bottom
side, the lowest volumetric heat generation, the lowest imposed magnetic field, the lowest Darcy number, and for a
porous media with the lowest solid to fluid thermal conductivity ratio. Increasing the nanoparticle volume fraction has
a higher impact on the production of entropy than the enhancement in the heat transfer rate.
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copper
dimensionless heat source position
Darcy number
location of heat sink and source, m
Grashof number; gβf ΔTH3 ∕ϑ2f
acceleration due to gravity, m∕s−2
length of cavity, m
p
Hartmann number; B0 L σ f ∕ρf νf
permeability of porous medium, m2
thermal conductivity, W∕m−1 ∕K−1
Local entropy generation
average Nusselt number of heat source
local Nusselt number

Received 14 December 2019; revision received 29 March 2020; accepted
for publication 27 April 2020; published online 23 June 2020. Copyright ©
2020 by the authors. Published by the American Institute of Aeronautics and
Astronautics, Inc., with permission. All requests for copying and permission
to reprint should be submitted to CCC at www.copyright.com; employ the
eISSN 1533-6808 to initiate your request. See also AIAA Rights and Permissions www.aiaa.org/randp.
*Professor; also Institute of Theoretical and Applied Research (ITAR), Duy
Tan University, Hanoi 100000, Vietnam; alichamkha@duytan.edu.vn.
†
Professor, Faculty of Science, Department of Mathematics; mansour201354@
yahoo.com.
‡
Professor, Faculty of Science, Department of Mathematics; am_rashad@
yahoo.com.
§
Assistant Professor; h.kargar@semnaniau.ac.ir (Corresponding Author).
¶
Assistant Professor; armaghani.taher@yahoo.com.

P
Pr
p
Q0
q00
S
Sh, Sv, Sj

=
=
=
=
=
=
=

T
U, V

=
=

u, v
X, Y
x, y
α
β
ε
ϕ
θ
μ
ν
ρ
σ
Φ
σ

=
=
=
=
=
=
=
=
=
=
=
=
=
=

dimensionless pressure; p∕ρnf U20
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constant heat flux, Wm−2
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temperature, K
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dimensionless coordinates x∕L and y∕L
Cartesian coordinates, m
thermal diffusivity; k∕ρcp , m2 ⋅ s−1
thermal expansion coefficient, K−1
porosity of the porous medium
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dimensionless temperature; WT − T c ∕ΔT
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Introduction

ATURAL convection has many engineering applications
including solar devices in nuclear chemical reactors and electronic equipment in cavities with regular geometrical shapes (e.g.,
square, triangular, and trapezoidal) or special shapes (e.g., C, T, and L
shapes), and the necessity of controlling their heat transfer has been
among the concerns of researchers in this field. Natural convection in
cavities subjected to various boundary conditions has been studied
numerically and experimentally in the literature; and the influence of
different parameters such as the Rayleigh number, inclination angle,
and Prandtl number have been reported [1–4]. Saha and Khan [5]
studied natural convection in different boundary conditions in atticshaped spaces as a triangular shape. In another study, the natural
convection flow was numerically analyzed by taking into account the
effect of radiation in cavities with broad protrusions in various
positions, and it was seen that the position of the protrusions affects
the power of convection vortices [6].
The high value of conduction coefficient in metals and oxides of
metals has made their addition to conventional fluids with the goal of
creating nanofluids with high thermal conductivity particularly interesting to researchers, and nanofluids have been a means of improving
heat transfer in various devices [7–9]. Mahmoodi [10] investigated
the natural convection in an L-shaped cavity using the finite volume
method and showed that, in all the shape factors, the Nusselt number
increases with the increase of the nanoparticle volume fraction
and Rayleigh number. Mehrizi et al. [11] examined the influence of
nanoparticle volume fraction, Rayleigh number, and geometry on the
copper (Cu)/water nanofluid flow between a circular cylinder and an
inner hot triangular cylinder employing the lattice Boltzmann
method. They found that, with the increase of nanoparticle volume
fraction and by lowering the position of the triangular cylinder in the
circular cylinder, the Nusselt number increases. Dehnavi and Rezvani
[12] considered the flow and heat transfer of a nanofluid in a Gammashaped cavity and evaluated the effect of nanoparticle size and
volume fraction, Grashof number, and various cavity geometries.
They showed that a rise in the Grashof number and a decrease in the
nanoparticle diameter improve the natural convection performance.
Moreover, it was seen that, by increasing the range of the diameter
distribution and the volume fraction of the nonuniform nanoparticles,
higher Nusselt numbers are obtained [13,14].
A porous medium comprises a solid network, mostly made of
metal, with empty spaces for the flow of fluid. The connection of the
solid network to the walls, the temperature gradient in the flowpath,
and the increase of fluid contact surface with the solid body have
resulted in the use of porous media as a heat transfer improvement
method in engineering applications such as electronics cooling systems and solar collectors [15,16]. For the simulation of fluid flow
inside a porous medium, macroscopic models based on average
volumetric equations such as Darcy and Brinkman as well as Forchheimer extended Darcy models or microscopic models can be used
[17]. An efficient way to increase the heat transfer performance in
industrial equipment is the use of nanofluids in a porous medium
[18]. Accordingly, Kasaeian et al. [19] conducted a review of the
studies regarding the use of nanofluids and porous media on increasing heat transfer in various geometries and boundary conditions.
Hatami et al. [20] considered heat transfer in a T-shaped enclosure,
in which porous media was used and the effect of various nanofluids
and nondimensional Darcy number, Richardson number, and Reynolds number on heat transfer through the channel were studied. Their
results indicated a direct relationship between the Darcy number
and the porosity percentage in heat transfer. For a square porous
cavity with an inner rotating cylinder, a study of mixed convection of
CuO/water nanofluid showed that the heat transfer rate increases with
the cylinder rotational speed, nanofluid volume fraction, Rayleigh
number, and Darcy number [21].
The development of various heat transfer improvement mechanisms requires tools optimizing them that are achieved by using the
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second law of thermodynamics or decreasing entropy. Convection
is always accompanied by irreversibility and entropy generation due
to viscous losses and temperature gradient. Therefore, numerous
researchers have investigated heat transfer from a thermodynamics
point of view and examined the second law of thermodynamics
regarding the mechanism of heat transfer as a source of power
and engineering equipment. Bejan [22] studied irreversibility in heat
transfer due to the finite temperature gradient and viscosity in four
convection basic models. The effect of selecting the geometric flow
specification on the reversibility of the convection heat transfer has
shown that, to reduce available work destruction, complex heat transfer
devices should be studied with simple optimization methods and
design modifications, e.g., on the internal and external geometries
involved with heat transfer. Mahian et al. [23], with the intention of
creating motivation for researchers to analyze entropy generation in
nanofluids (in addition to providing computational models), discussed
the effect of the heat flow of nanofluids on entropy generation
in different studies. Das et al. [24] reviewed natural convection in
nonsquare cavities (e.g., triangular and trapezoidal) with wavy or
curved walls filled with or without nanofluid and porous medium,
and they identified the parameter effective on natural convection. They
further explored the effect of Prandtl, Rayleigh, and Darcy numbers;
the irreversibility ratio; and the nanoparticle volume fraction. Aly et al.
[25] studied the effects of the wavy porous interface on the mixed
convection of Cu–water nanofluid in a non-Darcy porous double
lid-driven cavity with entropy generations. The effects of various
flow and geometrical parameters were investigated. The effects of
the Rayleigh number and dimensions on the entropy generation due
to natural convection in a Gamma-shaped cavity were investigated in
Ref. [26]. It was seen that, for 103 ≤ Ra ≤ 104, entropy generation is
because of low relative velocity caused by heat transfer; but, for
104 ≤ Ra, fluid friction is the more prominent factor. Ziapour and
Dehnavi [27] considered a Gamma-shaped cavity with round corners
and investigated the natural convection of air. It was observed that, by
increasing the curvature radius of the corners, the irreversibility ratio
decreases while the Bejan number increases.
The volumetric force exerted on an electrically conductive fluid in
motion is called magnetohydrodynamic [28,29]. A state where the
magnetohydrodynamic effect is present is the natural convection in a
magnetic field, which in addition to the buoyancy force, the Lorentz
force exists due to the magnetohydrodynamics [30]. Mahfoud et al.
[31] investigated flow between two coaxial vertical cylinders under an
axial magnetic field numerically and showed that heat transfer and the
transition to asymmetry flow can control by magnetic field. Numerous
studies have been conducted on the natural convection of various
nanofluids in cavities with different geometries subjected to magnetic
fields [32–36]. The effect of the periodic magnetic field on entropy
generation due to mixed convection in a double-sided lid-driven cavity
was numerically investigated, and heat transfer and entropy generation
parameters were studied in various Richardson numbers, Reynolds
numbers, Hartmann numbers, and nanoparticle volume fractions [37].
Jiang et al. [38] numerically investigated the thermomagnetic convection in an air-filled porous cavity under the effect of a four-pole
magnetic field. Their results indicated that Darcy and Rayleigh numbers, as well as magnetic field intensity, have major effects on the heat
transfer performance. Wang et al. [39] studied the flow and heat transfer
in a porous cavity by employing the Brinkman–Forchheimer extended
Darcy model. They showed that the inclination angle and magnetic
field intensity highly affect natural convection in the porous cavity.
Sheikholeslami [40] considered the natural convection in a wavy-wall
porous cavity filled with CuO/water nanofluid using the finite element
method and found that the heat transfer rate increases with the Rayleigh
number and nanoparticle volume fraction; whereas by application of
the magnetic field and increase of the Hartmann number, the Nusselt
number decreases. In another numerical simulation of the mixed
convection of Cu/water nanofluid in a T-shaped cavity subjected to a
magnetic field, it was concluded that the effect of adding nanoparticles
to the pure water for improvement of heat transfer performance
depends on the Reynolds and Hartmann numbers [41]. Chamkha et al.
[42] studied the magnetohydrodynamic natural convection of Cu/water
nanofluid in a C-shaped cavity and analyzed the effect of the Rayleigh
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number, Hartmann number, nanoparticle volume fraction, and shape
coefficient of the cavity. They found that the heat transfer and, as a
result, entropy generation increase with the volume fraction; whereas
in the presence of the magnetic field, these two values decrease with
increasing volume fraction. A study of the natural convection and
entropy generation of air and liquid gallium in steady-state and transient conditions subjected to a magnetic field has been conducted by El
Jery et al. [43]. They showed that entropy generation decreases in the
presence of a magnetic field; and it generally depends on the Prandtl
number, irreversibility coefficient, magnetic field direction, and Grashof and Hartmann numbers. Mahmoudi et al. [44] examined the
magnetohydrodynamic natural convection of Cu/water nanofluid in
a trapezoidal enclosure at various Rayleigh and Hartmann numbers and
volume fractions. The results at Ra  104 indicated that increasing the
nanoparticle volume fraction augments the heat transfer, especially at
higher Hartmann numbers; whereas the opposite is observed at high
Rayleigh numbers. Moreover, entropy generation is decreased by
using nanoparticles and increased by the application of the magnetic
field. Selimefendigil et al. [45] considered a cavity with two triangular
sections and numerically studied the effect of an inclined magnetic
field on the mixed convection of Cu/water nanofluid. They evaluated
the effects of the Richardson number, Hartmann number, magnetic
field angle, and volume fraction using the second law of thermodynamics analysis. Hussain et al. [46] numerically studied magnetohydrodynamic mixed convection and entropy generation of Cu/water
nanofluid in a T-shaped porous cavity. They investigated the effects of
the various parameters on heat transfer and entropy generation. In
another study, natural convection and the second law of thermodynamics were numerically investigated for a cavity filled with nanofluid
with circular, square, and rhomboid barriers with internal energy
generation under the magnetic field [47]. An analysis of the impact
of Rayleigh and Hartmann numbers, as well as the nanoparticle volume
fraction, indicated that natural convection is decreased in the presence
of any obstacles; however, the effect of a magnetic field on decreasing
heat transfer is lower for square and rhombus blocks.
However, numerous researchers also applied different configurations of cavities to develop the performance of thermofluid-flow
systems by flow structures and generating geometries, as well as to
investigate the process of self-organization and self-optimization in
nature. The constructed statute determines that, if a system has freedom
to morph, it encourages in time the flow architecture that promotes
simpler access to the currents that flow through it. Hence, cavities’
protrusions are the vital developers of nucleate boiling and intensification considering the Vapotron effect. In electronic cooling, cavities
are used because the excess space occupied by the regular fins is a
major attention. However, different configurations of the cavities were
presented and geometrically optimized in Refs. [26,36,41,42]. As
literature, the combination of four topics (double lid-driven Gammashaped porous cavity, inclined magnetic field, internal heat generation/
absorption, discrete heat source) is the main novelty of this paper. In the
work, Cu/water nanofluid is chosen because its cost is extremely low,
copper is a prevalent material, and it can be intended easily. Investigation of mixed convection and entropy generation of the nanofluid is
presented in this study for the first time.
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Fig. 1

Schematic representation of the problem.

The working fluid is Cu/water nanofluid with thermophysical properties that were presented in Ref. [48]. The density variation in the
nanofluid is approximated by the regular Boussinesq approximation.
The flow is considered to be steady, Newtonian, laminar, and incompressible. The governing equations can be given in dimensional mode
as follows (see Refs. [48,49]):
∂u ∂v
 0
∂x ∂y

(1)





υnf
1
∂u
∂u
1 ∂p υnf ∂2 u ∂2 u
−

u

u v
−
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ε ∂x2 ∂y2
K
ε2


σ nf B20
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1
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u
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ρβnf
gT − T c 
ρnf

(3)

 2

∂T
∂T
∂ T ∂2 T
Q0
 v  αeff;nf

T − T c 

∂x
∂y
ρcp nf
∂x2 ∂y2

(4)

The boundary conditions are

II.

Mathematical Formulation

The current configuration contains a two-dimensional Gammashaped cavity as exhibited in Fig. 1, in which height AB and width AF
remain fixed at the same length H. The thickness of the enclosures
BC and EF are shown by l, and the aspect ratio of the enclosure is
shown by L  l∕H. Both the top wall EF and bottom wall BC of the
cavity are moving at a constant velocity U0 in positive/negative x and
y directions, respectively. The top wall AF and the right wall BC are
maintained at the cooled temperature T c , whereas the right walls CD
and EF have been considered to be adiabatic. The left wall AB is
thermally insulated, except at a portion where a heat flux source q 0 0
with length b is placed. An internal heat generation of uniform rate
Q0 is also present. The gravity is in the negative y direction, and a
magnetic field of strength B0 with angle ϕ along the x direction is
applied to the cavity.

x  0; u  v  0;

∂T
q 00
∂T
 − ; d−0.5b ≤ y ≤ d0.5b; and
 0;
∂x
∂x
knf

y  0; v  0.u  U0 ; T  T c ; y  l; u  v  0;

∂T
0
∂y

∂T
∂T
 0; x  H; u  v  0;
0
∂x
∂x
y  H; v  0; u  U0 ; T  T c
x  l; u  v  0;

(5)

where ρnf , ρcp nf , ρβnf , μnf , and αnf are defined as (see
Refs. [48,49])
ρnf  1 − ϕρf  ϕρp
ρcp nf  1 − ϕρcp f  ϕρcp p

(6)
(7)
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ρβnf  1 − ϕρβf  ϕρβp
αnf 

(8)

knf
ρcp nf
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The preceding parameters are the Prandtl, Reynolds, Grashof,
Richardson, Hartmann, and Darcy numbers, respectively. The dimensionless forms of the boundary conditions are
X  0; U  V  0;

(10)

μf
1 − ϕ2.5

(11)

σ nf
3γ − 1ϕ
;
1
γ  2 − γ − 1ϕ
σf

γ

and

∂θ
 0;
∂X

Y  0; V  0; U  1; θ  0; Y  L; U  V  0;

σp
σf

(12)
(13)

keff;f  εkf  1 − εks

(14)

x
;
H
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∂θ
 0; X  1; U  V  0;
0
∂X
∂X
Y  1; V  0; U  1; θ  0

T − T c 
θ
;
ΔT

y
;
H

1
θs Y
Z
1 D0.5B
Nus X0 dY
Num 
B D−0.5B

(15)

U

Gr
Ri  2 ;
Re

u
;
U0

V

v
;
U0

P

p
;
ρnf U20

q 0 0 :H
ΔT 
kf

Equations (1–4) take the following dimensionless forms:
∂U ∂V

0
∂X ∂Y

(16)


 


1
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∂U
∂P
1 ρf μnf ∂2 U ∂2 U U

−

V

U

−
∂X
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ε2
∂X 2 ∂Y 2 Da
   2
ρf
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ρnf
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(17)
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V
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θ
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U
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(18)



∂θ
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(19)

where
νf
gβf H3 ΔT
V H
;
Re  0 ;
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;
νf
αeff;f
ν2 f
q
Da  K∕H2
Ha  B0 H σ f ∕μf ;
Pr 
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keff;nf
;
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ρcp f

Ri 

Gr
;
Re2

(20)

The local and average Nusselt numbers are defined as
Nus X0 

keff;nf

ρcp nf

Y

∂θ
0
∂Y

∂θ
 0;
∂Y

X  L; U  V  0;

Using the following dimensionless variables
X

keff;f
∂θ
; D − 0.5B ≤ Y ≤ D  0.5B;
−
keff;nf
∂X

Y  L; U  V  0;

keff;nf  εknf  1 − εks

αeff;nf
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(9)

knf kp  2kf  − 2ϕkf − kp 

kp  2kf   ϕkf − kp 
kf
μnf 

/

(21)
(22)

A. Entropy Generation Analysis

Following Refs. [22,48] and the local thermodynamic equilibrium
of linear transport theory, the following expression is obtained for the
total local entropy generation:
 2  2 

keff;nf
∂T
∂T

s
T2
∂x
∂y
 2  2  
 
 
μnf
1 2
∂u
∂v
∂u ∂v 2


u  v2   2


T
K
∂x
∂y
∂y ∂x


σ nf B20
· u sin Φ − v cos Φ2
T

(23)

The nondimensional entropy generation S is then given by

 2  2 
keff;nf
1
∂θ
∂θ
:

keff;f θ  CT 2 keff;f
∂X
∂Y
 
 2  2 
μnf
1
∂U
∂V

 Re2 :Pr2 :Θ:
U2  V 2   2
:
μf
Da
∂X
∂Y
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σ
∂V ∂U
nf

 Re2 :Pr2 :Θ:
:Ha2 :U sin Φ − V cos Φ2

∂X ∂Y
σf

Ss·

H



 Sh  Sv  Sj

(24)

where Θ  ΔT∕keff:f αeff:f ∕H2 ; and Sh, Sv, and Sj are the nondimensional LEG rate as a result of heat transfer, Darcy effects and
fluid friction, and joule heating, respectively. Also, ratios of the
Nusselt number total entropy generation as well as thermal performance criteria reported by Ismael et al. [50] are defined as
Nu
m 

Num
Num ϕ0

S 

S
Sϕ0

e 

S
Nu
m

and

and

Nu
m 

S 

and e 

Num
Num Ha0

S
SHa0

S
Nu
m

(25)

(26)

(27)

B. Numerical Method and Validation

The conservation equations [Eqs. (16–19)] along with the associated boundary conditions [Eq. (20)] elucidate a system of nonlinear
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Present study

Iwatsu et al. [53]

A comparison of the present study with previous results: Re  1000, Pr  0.71, Gr  102 , and ϕ  0.

partial differential equations that are strongly coupled. These equations were transformed into algebraic equations through the finite
volume approach and then solved iteratively by the tridiagonal matrix
algorithm using the SIMPLE algorithm [51]. Figure 2 shows the
results of the present numerical solution compared with those of
Khanafar and Chamkha [52] and Iwatsu et al. [53]. The comparisons
demonstrate an agreement between the results of the present study
and previously published ones. Moreover, the grid sensitivity test is
performed by the use of different uniform grid systems of 50 × 50,
70 × 70, 90 × 90, 100 × 100, and 120 × 120. The maximum difference between the grid systems of 100 × 100 and 120 × 120 was less
than 0.1%. Therefore, the 100 × 100 grid system was selected for the
numerical simulations.

III.

/

Results and Discussion

The results of the numerical simulation for various values of the
nanoparticle volume fraction ϕ), Hartmann number Ha, Darcy number Da, and volumetric heat generation Q are presented for different
heat flux positions D and lengths B. In addition, the effects of the
conductivity ratio of the porous medium to fluid (ks ∕kf ) on the global

entropy and Nusselt number are studied. The results are demonstrated in terms of isotherms, streamlines, local Nusselt number,
average Nusselt number, and entropy generation distribution. Selective numerical results in this paper are presented for the fixed values
of Gr  1 × 104 , Re  10, Θ  1 × 10−3 , CT  0.1, Φ  45 deg,
ks ∕kf  1, ε  0.5, and L  0.3.
To study the influence of the heat flux length B on the fluid motion
and heat transfer capability, ϕ  0.05, Ha  10, Q  1, and Da 
1 × 10−3 are maintained constant. The influences of heat flux length
on the heat transfer and fluid flow are shown in Fig. 3 for the centered
heat flux sources (D  0.5). The combined impact of the buoyancy
force and the imposed boundary velocity results in three different
sections for circulations: there is a clockwise circulation in the higher
part of the domain, a circulation at the bottom in which its direction
depends on the competition between the strengths of the natural and
the forced convections, and a limited circulation in the area near the
heat source. Nevertheless, as can be seen in Fig. 3a, the flowfields for
different heat flux lengths are almost identical at the upper side when
other parameters are at fixed values. However, increasing the heat
flux length causes a stronger circulation around it. On the other hand,

a)

b)
Fig. 3 Representations of a) streamlines and b) isotherms for different heat flux lengths B at ϕ  0.05, Ha  10, D  0.5, Q  1, and Da  10−3 .
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the isotherms presented in Fig. 3b are influenced by the heat flux
length as expected. The temperature contours become more stratified
for a higher heat flux length. As can be seen from the isothermal lines,
the temperature gradient near the left wall has its highest values at the
edges of the heat source.
The local Nusselt numbers for different heat flux lengths along the
heat source are presented in Fig. 4 at fixed values of ϕ  0.05,
Ha  10, Q  1, Da  10−3 , and D  0.5. Moreover, the mean
Nusselt numbers for different heat flux lengths and nanoparticle
volume fractions are presented in Fig. 5. Even though the total heat
30
25
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B=0.6
B=0.8

Nus
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Fig. 4 Variation of the local Nusselt number via B at ϕ  0.05,
Ha  10, D  0.5, Q  1, and Da  10−3 .
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transfer increases with the increase of the heat flux length, as these
figures indicate, the Nusselt number along the source decreases with
B. The lower Nusselt number for larger heat flux lengths is confirmed
from Fig. 3b, in which increasing B resulted in a lower-temperature
gradient near the heat source. In effect, for fixed values of Gr, Ha, and
other parameters, the capability of the fluid to transfer heat is
bounded, and thus the Nusselt number decreases with an increase
in the heat flux length. Furthermore, the temperature gradient above
the source is higher than the bottom area, and hence the highest local
Nusselt numbers in Fig. 4 occur at the upper side. In each curve of
Fig. 4, the maxima are at the edges of the source owing to the higher
gradient of temperature by being the closest areas to receive fresh
fluid. Hence, the location of the minimum local Nusselt number is at
the heat source center. Figure 5a illustrates that the average Nusselt
number rises nearly linearly with the nanoparticle volume fraction.
The effect of the volume fraction on the Nusselt number mitigates
with increasing the heat flux length (Fig. 5b).
The effect of the heat flux position D on the heat transfer and flow
is studied for fixed ϕ  0.05, Ha  10, Q  1, Da  1 × 10−3 , and
B  0.5. The streamlines and isotherms for various heat flux positions are presented in Fig. 6. The flowfields for different heat flux
positions are almost identical, except for the middle circulation
(around the heat source) that weakens with shifting up the heat
source, as can be seen in Fig. 6a. In contrast, the heat flux position
significantly influences the temperature field. For the lower vertical
positions of the heat source, it is more confined to the walls, and the
isothermal lines are more concentrated; thus, higher-temperature
gradients are caused near the heat source. The isotherm contours
presented in Fig. 6b became more stratified with moving up the heat
source. The temperature gradient near the left wall has its highest
values at the heat source edges.
The local Nusselt number at the left wall is illustrated in Fig. 7 for
different heat flux positions at fixed values of ϕ  0.05, Ha  10,
Q  1, Da  1 × 10−3 , and B  0.5. The mean Nusselt number
against the nanoparticle volume fraction is presented for various heat
flux positions in Fig. 8. As these figures illustrate, the Nusselt number
is influenced by changing the heat flux location. The functionality of
the Nusselt number with the nanoparticle volume fraction is more
pronounced if the heat flux is positioned at a lower height. The case of
D  0.7 achieves the highest Nusselt number (Fig. 7); however, as
illustrated in Fig. 8, it varies slightly with the volume fraction (about
2% variation for adding 10% nanoparticles). The relatively high
values of average Nusselt numbers for heat flux positions near the
top or downside are associated with the forced convection near these
cases of the heat source positions. Likewise, to the local Nusselt
numbers presented in Fig. 4, the location of the maxima in each curve
of Fig. 7 are at the edges of the source. Moreover, again, the location of
the minimum local Nusselt number is at the heat source center. The
temperature gradient, except for D  0.3, in the upper side of the
source is higher than the bottom side; therefore, the maximum local
Nusselt numbers in Fig. 7 occur at the source upper edge. Although,
for D  0.3, the highest Nusselt number happens at the heat source
edge. As confirmed by Fig. 6b, the bottom edge is highly sensed by the
bottom cold wall for the case of D  0.3, and hence the temperature
gradient and the local Nusselt number are more than the upper edge.
The volume fraction and magnetic field effects on the global
entropy generation are reported in Fig. 9 for different heat flux
positions. As presented in Fig. 9a, increasing the volume fraction
increases the e , although its rate of increase is steeper for higher heat
flux positions. Figure 9b shows that the ratio of e  S ∕Nu
m
decreases with the Hartmann number, except for D  0.3. This
means that the relative decrease in entropy generation is more than
the relative decrease in the Nusselt number with an increase in the
magnetic field strength.
The normalized mean Nusselt number along the left wall (normalized to the case of ϕ  0) against the nanoparticle volume fraction is
presented in Fig. 10 for various Hartmann numbers at fixed values of
D  0.5, B  0.5, Q  1, and Da  10−3 . A stronger magnetic
field results in more suppression of the flowfield; consequently, the
temperature field becomes more uniform, which demonstrates that
the convection heat transfer diminishes.
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b)
Fig. 6

Representations of a) streamlines and b) isotherms for different heat flux positions D at ϕ  0.05, Ha  10, B  0.5, Q  1, and Da  10−3 .
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Fig. 7 The local Nusselt number for different locations of the heat flux D
at ϕ  0.05, Ha  10, B  0.5, Q  1, and Da  10−3 .

Fig. 8 Variation of the average Nusselt number via D at Ha  10,
B  0.5, Q  1, and Da  10−3 .

The effect of the volumetric heat generation on heat transfer from
the Gamma-shaped cavity is investigated. The local Nusselt number
along the source is presented in Fig. 11 for different volumetric heat
generations at fixed values of ϕ  0.05, Ha  10, Da  10−3 ,
B  0.5, and D  0.5. The mean Nusselt number versus the nanoparticle volume fraction is presented in Fig. 12 for different volumetric heat generation rates. As these figures indicate, the Nusselt
number along the source decreases with Q; however, heat transfer
increases with increasing heat generation. In effect, for fixed values
of the Grashof number Gr, Hartmann number Ha, and other parameters, the capability of the fluid to transfer heat is bounded; thus,
increasing heat generation results in a decrease in the Nusselt number
along the left wall. This is because a positive heat generation raises the
temperature scale inside the cavity, and thus the temperature gradient
around the flux source decreases. In contrast, the temperature gradients
around the cold walls increase at the same time; that is to say, the
Nusselt number at the cold walls rises with Q. Alternatively, a heat sink

(negative Q) improves the Nusselt number along the left wall. As
discussed earlier, the temperature gradient in the upper side of the
source is larger than the bottom side for D  0.5 and B  0.5, and
hence the highest local Nusselt numbers in Fig. 11 occur at the
upper side.
The influence of the Darcy number on the flow, heat transfer, and
entropy generation is studied in Figs. 13–16 for Da  10−2, 10−4 ,
10−5 , and 10−6 . The streamlines and isotherms for various Darcy
numbers at fixed values of ε  0.5, Q  1, Ha  10, D  0.5, and
B  0.5 are presented in Fig. 13. The presence of nanofluid has
worsened the heat transfer capability for the high value of Da 
10−2 . Oppositely, the heat transfer of nanofluids is increased with
decreasing the Darcy number for a fixed value of porosity. A lower
Darcy number means a lower permeability, and therefore weaker
circulations; likewise, the temperature field is less developed for
lower Darcy numbers, which reveals reduction in the convection heat
transfer.
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The variation of local Nusselt number along the left wall is
illustrated in Fig. 14 for various Darcy numbers at fixed values of
ϕ  0.05, Ha  10, Q  1, D  0.5, and B  0.5. The locations of
the maxima in each curve of Fig. 14 are at the edges of the source, and
the location of the minimum local Nusselt number is at the heat
source center. There is a greater temperature gradient in the upper area
of the source compared with that of the bottom area. Therefore, the
highest local Nusselt numbers occur at the upper edge of the source
for the presented cases. The average Nusselt number against the
nanoparticle volume fraction for various Darcy numbers is presented

in Fig. 15. The Nusselt number rises with an increase in the volume
fraction, except for the small value of Da  10−6 . For a large value
of Da  10−2 , the addition of nanoparticles increases the Nusselt
number.
The influence of the Darcy number on the normalized global
entropy generation (normalized to the case of ϕ  0) is presented
in Fig. 16. The entropy generation to the Nusselt number ratio rises
with the increase of the volume fraction, for which its rate is steeper at
the small value of Da  10−6 in which the flowfield is weaker for
lower volume fractions of nanoparticles and adding the nanoparticles
improves the convection heat transfer capability.
An analysis of the influence of the ratio of the porous material to
the nanofluid thermal conductivity is presented in Figs. 17 and 18.
Three orders of thermal conductivity of porous medium ks are scrutinized. These cases are as follows:
1) The thermal conductivity of the porous medium is lesser than
the thermal conductivity of the base fluid (ks  kf ∕8, ks  kf ∕4,
and ks  kf ∕2).
2) The thermal conductivity of the porous medium ks and the base
fluid kf are the same ks  kf .
3) The thermal conductivity of the porous medium is greater than
the thermal conductivity of the base fluid (ks  2kf ). The porous
medium is also assumed to have a very weak electrical conductivity,
i.e., electrically insulated porous medium.
The average Nusselt number versus the nanoparticle volume fraction is presented in Fig. 17 for various solid to fluid conductivity
ratios at fixed values of ϕ  0.05, Q  1, Ha  10, Da  10−3 ,
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b)
Fig. 13 Representations of a) streamlines and b) isotherms for different Darcy numbers at ϕ  0.05, Ha  10, B  0.5, D  0.5, and Q  1.
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Fig. 18 Variation of the global entropy via conductivity ratios ks at
D  0.5, B  0.5, Ha  10, Q  1, and Da  10−3 .

B  0.5, and D  0.5. As can be seen, the rate of increase in the
Nusselt number along the source with the nanoparticle volume
fraction is more pronounced for a porous media with a lower thermal
conductivity ratio. A lower equivalent conductivity results in a
weaker heat transfer through the cavity, and thus the result of increasing the nanoparticle volume fraction is more noticeable.
The normalized global entropy (normalized to the case of ϕ  0) is
plotted against the nanoparticle volume fraction for various solid to
fluid conductivity ratios in Fig. 18. As can be seen, the total entropy
generation to the Nusselt number ratio increases with the volume
fraction that has a sharper rate for higher conductivity ratios. This
means adding nanoparticles has a higher impact on the production of
entropy than the enhancement in the heat transfer rate.
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5) The heat transfer is increased with the decreasing of the Darcy
number for a fixed porosity. The Nusselt number increases with the
volume fraction, except for a very high Darcy number. Increasing the
volume fraction at a low Darcy number results in a higher conduction
heat transfer capability.
6) As the volume fraction increases, the ratio of the entropy
generation to the Nusselt number increases, which its rate is sharper
at the higher Darcy number in which adding the nanoparticles
reduces the convection heat transfer capability.
7) The rate of increase in the Nusselt number with the nanoparticle
volume fraction is more pronounced for a porous medium with a
lower thermal conductivity ratio. Increasing the nanoparticle volume
fraction has a higher effect on the production of entropy than the
enhancement in the heat transfer rate.

1.25
1.20

/

Conclusions

An investigation on a Cu/water nanofluid-filled double lid-driven
Gamma-shaped cavity was carried out. The cavity was also subjected
to an inclined magnetic field, internal heat generation/absorption, and
a discrete heat source. The analyses of mixed convection heat transfer
and entropy generation were performed for various Hartmann numbers, nanoparticle volume fractions, Darcy numbers, the conductivity
ratio of porous material to nanofluid, the volumetric heat generation,
the heat flux positions, and its length. The results were illustrated in
terms of isotherms, streamlines, local Nusselt numbers, average
Nusselt numbers, and the normalized entropy generation distribution. In summary, the following points are found:
1) Increasing the heat flux length results in more stratified temperature contours, and the Nusselt number along the source decreases
with an increase in the heat flux length. Increasing the nanoparticle
volume fraction has a stronger influence on the Nusselt number for a
smaller heat flux length.
2) A change in the heat source location highly influences the
temperature field. The positioning of the heat source close to the
top or bottom of the cavity allows for an enhanced forced convection
heat transfer from the source. Moreover, the temperature gradient
near the left wall has its highest values at the source edges and
the minimum local Nusselt number occurs at the source center. A
higher rate for the rise in the Nusselt number with the increase of
the nanoparticle volume fraction was observed if the heat flux was
positioned at a lower height.
3) The magnetic field decreases the flow and heat transfer strength.
By increasing the Hartmann number, the relative reduction in entropy
generation is more than the relative reduction in the Nusselt number.
4) The Nusselt number along the source decreases with Q; however, the heat transfer rate rises with the increase of the heat generation. An increase in the volumetric heat generation results in a
decrease in the Nusselt number due to a rise in the temperature scale
inside the cavity, and subsequently a decrease in the gradient of
temperature around the heat flux source.
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