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Abstract. A numerical simulation of entropy generation due to MHD
mixed convective of water-copper nanofluid in a C-shaped cavity with
a heated corner is performed. The cavity is subjected to an inclined
uniform magnetic field, and the top wall of the cavity is adiabatic
and moves with a constant velocity. The governing equations are for-
mulated by employing the single-phase nanofluid approach and the
resulting equations have been solved by the Finite Volume Method
(FVM). Impacts of the pertinent parameters on the fluid flow and heat
transfer inside the cavity have been presented graphically. The numeri-
cal data have been plotted in the portrait of streamlines, isotherms and
the average Nusselt numbers. The effects of volume fraction, Hartmann
number, and the aspect ratio on the entropy generation and mixed con-
vection of the C-shaped cavity are investigated. It is found that for an
aspect ratio = 0.1, increasing the nanofluid volume fraction causes an
increment in the heat transfer. At low volume fractions and Hartmann
numbers, the outcomes manifest a better thermal performance. Gen-
erally, the rate of entropy generation increases by increasing both the
Hartmann number and the volume fraction.

1 Introduction

In recent years, the cooling of electronic boards has become a very important challenge
for engineers and researchers. Air and water cannot guarantee the effective cooling of
all new processors and CPUs. Therefore, new techniques and coolants must be created
to cool electronic devices. One of these new candidates is the use of a “nanofluid”,
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which is the suspension of nanoparticles in a pure fluid. Various studies have addressed
the impacts of a nanofluid on heat transfer of enclosures as a cooling system [1].

A numerical investigation of free convective of a nanofluid in C-shaped enclosures
has been reported by Mahmoudi and Hashemi [2]. They reported that the aver-
age Nusselt number evolved via increasing the Rayleigh number and the nanofluid
volume fraction, regardless of the aspect ratio of the enclosure. Makulaty et al. [3]
analyzed the MHD free convection of nanofluid in an inclined C-shaped enclosure.
The outcome exhibited that the effectiveness of a nanofluid on the average Nusselt
number reduced as the Hartmann number was boosted. Free convective flow of a
nanofluid in a C-shaped cavity with centralized heat sources was investigated by
Mansour et al. [4]. The data they obtained demonstrated that the heat transfer
rate enhanced with lessening the aspect ratio. The mixed-convection heat transfer of
alumina-water nanofluid in an inclined and baffled C-shape enclosure was studied by
Bayareh et al. [5]. The effectiveness of the heat source position on natural convective
in a C-shaped enclosure was analyzed with LBM by Mohebbi et al. [6]. Armaghani
et al. [7] studied the MHD combined convective flow and heat transfer of nanofluid in
an open C-shaped enclosure. They reported that, for depressed Reynolds numbers,
an increase in the Hartmann number produced a weak enhancement in the average
Nusselt number, while for increased Reynolds numbers, the average Nusselt num-
ber showed an ascending behavior and the boost in the Hartmann number displayed
its impact more clearly. A study of MHD free convection heat transfer of water-
Fe3O4 nanofluid in a baffled C-shaped enclosure was performed by Abedini et al. [8].
Their results showed that growing the baffle length obtained a growth in the Nusselt
number.

All of the aforementioned investigations were established based on the first-law
analysis, and this alone is not sufficient for reaching an optimum thermal perfor-
mance. Therefore, it is necessary to study the entropy generation due to heat transfer
and fluid friction in thermal systems. Entropy generation minimization is a way to
approach better engineering design and thermal performance. Bejan [9–11] introduced
the various reasons of entropy generation in applied thermal engineering. Ismael et al.
[12] introduced thermal performance criteria based on heat transfer and entropy gen-
eration. The best configuration and suitable ranges of parameters can be found with
this criteria. There are very few studies of entropy generation due to heat transfer of
nanofluid in a C-shaped cavity. Chamkha et al. [13] examined the entropy generation
and free convection of a nanofluid in a C-shaped enclosure under a magnetic field.
It was found that the volume fraction increased both the free convection and the
entropy generation. Likewise, by using thermal performance criteria, they suggested
that adding nanoparticles to a pure fluid can be useful when Ha = 30. Recently,
Armaghani et al. [14] extended their work (Ref. [7]) by studying entropy genera-
tion due to mixed convection of a nanofluid in a C-shaped enclosure. The outcomes
exhibited that an increment in the Hartmann number diminished entropy genera-
tion; however, thermal performance increased. Growing the aspect ratio promoted
both the heat transfer and the thermal performance.

The above literature shows that the entropy generation and heat transfer of a
nanofluid in various geometries is a topic open to further research. Heat transfer of
nanofluids in a C-shaped cavity is one of the useful applications in this regard. In
some industries, such as cooling the chipsm, the heat sources are located in the heat
corner. Also, some engineering tools work with internal heat generation. Therefore,
the motivation of the current problem is to examine the entropy generation with
MHD mixed convective heat transfer and fluid flow in a C-shaped cavity filled with a
nanofluid with a corner heater and internal heat generation. In this study, Cu-water
nanofluid is selected because its cost is extremely low, and copper is a prevalent
material.
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2 Mathematical formulation

The problem of entropy generation due to combined convection of a nanofluid inside a
C-shaped square cavity with length H is analyzed with a heat corner. The considered
two-dimensional model is depicted in Figure 1. As visible from the graphical view,
the top wall is adiabatic and moves with a constant velocity U0. The corner heater is
submitted to a constant hot temperature Th in both vertical and horizontal directions
with length l1 and l2, respectively. The two portions of the outer-right vertical walls
with length d are maintained at a low temperature, Tc, while the notched portion of
the right side along with the residual walls are also adiabatic. The direction of the
gravity force is downward, and a magnetic field with strength B0 is utilized on the
left side of the cavity with angle Φ along the positive horizontal direction.

The cavity is filled with copper-water nanofluid that is considered to be steady
Newtonian, laminar, incompressible and exposed to internal heat generation at a uni-
form rate Q0. The single-phase approach is considered for modeling nanofluid flow
and heat transfer. The thermophysical properties of the nanoparticles and the base
liquid are gathered in Table 1. The density divergence in the nanofluid is approxi-
mated by the regular Boussinesq approximation. Therefore, the governing equations
can be given in dimensional form as follows (see [7,13]):
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The boundary conditions are:

x = 0, u = v = 0

T = Th, 0 ≤ y ≤ l2,
∂T

∂x
= 0, otherwise

y = 0, u = v = 0

T = Th, 0 ≤ y ≤ l1,
∂T

∂y
= 0, otherwise

x = H, u = v = 0,
T = Tc at 0 ≤ y ≤ D and D +B ≤ y ≤ 1

x = H, v = 0, u = U0 ,
∂T

∂y
= 0, (5)

where ρnf , (ρcp)nf , (ρβ)nf , µnf , αnf are defined as (see [15–19]);

ρnf = (1 − φ)ρf + φρp, (6)
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Fig. 1. (a) Scheme of the problem under the consideration. (b) Control volume for the
current investigation.

Table 1. Thermo-physical properties of water and nanoparticle materials [7].

ρ (kg m−3) Cp (J kg−1 K−1) k (Wm−1 K−1) β (K−1) σ (µS/cm)

Pure water 997.1 4179 0.613 21 × 10−5 0.05
Copper (Cu) 8933 385 401 1.67 × 10−5 5.96×107

(ρcp)nf = (1 − φ)(ρcp)f + φ(ρcp)p, (7)

(ρβ)nf = (1 − φ)(ρβ)f + φ(ρβ)p, (8)

αnf =
knf

(ρcp)nf
. (9)
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2.1 Dimensionless forms of equations

Introducing the following dimensionless parameters:
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in equations (1)–(5) produces the following non-dimensional equations:
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√
σf/µf are respectively

the Prandtl number, the Reynolds number, the Grashof number, the magnetic num-
ber (Hartmann number), and the Eckret number. The non-dimensional boundary
conditions for equations (14)–(17) are as follows:

X = 0, U = V = 0
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∂θ
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= 0, otherwise
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The local Nusselt number is given by:
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and the average Nusselt number is defined as:
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2
, (20)
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where
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2.2 Governing equation for entropy generation

According to Bejan [9–11] and Mahmud and Fraser [20], the dimensional local entropy
generation can be expressed by:
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Using equation (14) leads to the dimensionless entropy generation (S) as:
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Here Sh, Sv and Sj are, respectively, the dimensionless local entropy generation rate
due to heat transfer, fluid fraction and Joule heating. Θ is the irreversibility factor
as:
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µf · T0
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. (24)

Finally, the following Nusselt ratio, total entropy generation ratio and thermal
performance ratio are defined:
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3 Numerical solution and validation

The conservation equations (14)–(17) in conjunction with the associated boundary
conditions (19) indicate a system of nonlinear partial differential equations that are
strongly coupled. These equations are transformed into algebraic equations through
the finite volume approach and then are solved iteratively by the tridiagonal matrix
algorithm. However, equation (15) can be written as:
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integrating this equation over the control volume presented in Figure 1b
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The upwind differencing scheme and the central difference scheme are chosen for
the convective terms. Calculating these integrals and re-configuration, the following
algebraic equation is gained:

aUPUP =
∑
i

aUi Ui + SU , (30)

where i = E,W, N, S. Comparable treatments are applied for equations (16) and (17).
The outputting algebraic equations have been solved iteratively, through the Alter-
nate Direction Implicit procedure (ADI), by utilizing the SIMPLE algorithm [21]. The
iteration is employed until the normalized residuals of the mass, momentum, temper-
ature and entropy generation equations become less than 10−6. The non-uniform grid
involves of 101 × 101 grid nodes in the X - and Y -directions, respectively. Figure 2
shows a the results of the current code are compared with those of this contribu-
tion with those of Khanafar and Chamkha [22] and Iwatsu et al. [23]. The outputs
demonstrate an assent between this study and the previously issued studies.

For more validation in heat transfer results; the current results are compared with
the published works by Abu Nada and Chamkha [17] in Table 2.

Considering the MHD effects in C-shaped cavity, Chamkha et al. [13] have
addressed the natural convection in a C-shaped enclosure under an inclined mag-
netic field. They reported the Nusselt number is 0.6604 at AR = 0.1, Ra = 15 000,
Ha = 30, φ = 0.04. Here, we obtained the Nusselt number as 0.6612 which shows a
very good agreement with the literature value.
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Fig. 2. Comparison of the present study with Re = 1000, Pr = 0.71, Gr = 102, φ = 0.

Table 2. A comparison between the results of the average Nusselt number in the present
study and those reported by Abu-Nada and Chamkha [17] when Ri = 0.2, Ha = 0,
Gr = 100, B = Q = 0.

φ Abu-Nada and Chamkha [17] Present study

10% 3.099 3.0976
7 2.958 2.9457
5 2.867 2.8541
2 2.732 2.7317
0 2.644 2.6441

4 Results and discussion

A selective set of numerical results is obtained at fixed Gr = 104, Φ = π/4,
Θ = 10−4, and various ranges of B(0.1–0.5), L1 = L2(0.2−1), Ha(0−100), Q(−2−2)
and φ(0−0.1).

Figure 3 shows the streamlines and the isotherms for various aspect ratios. Since
the upper wall moves to the right, the streamlines have a clockwise rotation, and the
cells incline toward the right and above the cavity. Such streamlines are also affected
by magnetic field currents that are inclined at an angle of 45 ◦. As B increases, the
streamlines become more dense, while the strength of the cells decreases. At B = 0.5,
another clockwise rotation is observed at the lower right side of the cavity (Fig. 3a).
Figure 3b indicates isothermal lines with various values of B. The density of isothermal
lines near the warm wall of the lower left corner decreases with the increase of B.
Hence the temperature gradient is reduced, and accordingly Nus decreases. This
is clearly seen in Figure 4. As shown in Figure 4a, and considering the density of
isothermal lines at the end of L1, the Nusselt number tends to rise, reaching its
maximum value at X = 0.5. The maximum trend of the local Nusselt number is also
observed in Figure 4b; however, it decreases at the end of the vertical warm wall, due
to the decrease of the temperature gradient (for B = 0.1–0.3). For B = 0.4 and 0.5,
the rate of increase of the Nusselt number is continuously an ascending and rising
one. This rate pertaining to the vertical warm wall at B = 0.5 is more than that when
B = 0.4.

Figure 5 shows the variations of the average Nusselt number according to the
changes of B, φ and Ha. As indicated in Figure 5a, at B = 0.1, the Nusselt number
enhances with the boost in the volume fraction of the nanofluid, whereas no remark-
able changes are observed at B = 0.2, and the rate of change of the local Nusselt
number descends due to the boost in the volume fraction. Since nanofluid has a low
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Fig. 3. Streamlines (a), and isotherms (b) for Cu-water at φ = 0.05, Ha = 10, L1 = L2 =
0.5, Q = 1.

velocity at B = 0.3–0.5, conduction is the dominant term. When the velocity is low,
the increase of viscosity due to the addition of nanoparticles will have a larger effect
on heat transfer than on the conduction factor, and therefore the Nusselt number
will reduce. Figure 5b shows the rate of increase of the Nusselt number with the
addition of nanoparticles. As seen in the figure, Nu+

m rises with the increase of φ at
B = 0.1 and lowers at B = 0.3–0.5. Figure 5c represents the changes of the average
Nusselt number according to Ha. At B = 0.3–0.5, the Nusselt number decreases with
the increase of Ha. At B = 0.4 and 0.5, the average Nusselt number rises from Ha = 0
to Ha = 20. For values above Ha = 20, the average Nusselt number reduces with the
increase of Ha.

Figure 6 shows the effects of increase of volume fraction and Ha on entropy for
different amounts of B. As evident in Figure 6a, the increase of volume fraction
causes the increase of entropy for all amounts of B. The rate of increase of entropy
at B = 0.1 is more than that for other values of B. At B = 0.1, the increase of the
fraction leads to the increase of heat transfer and irreversibility. Hence, the maximum
increase of entropy caused by the addition of volume fraction occurs at B = 0.1. The
increase of viscosity due to the increase of volume fraction leads to the increase of
irreversibility pertaining to current friction, and, as a result, for all amounts of B,
entropy rises with the increase of volume fraction. Figure 6b specifies that entropy
lowers as Ha increases. This trend is observed for all amounts of B. As represented
in Figure 5c, heat transfer decreases with the increase of Ha, and the reduction is
maximum at B = 0.1. Therefore, the irreversibility due to heat transfer will show its
maximum reduction. Heat transfer and the irreversibility appertaining thereto will
also decrease for other values of B, and hence entropy will lower with the increase
of Ha. Figure 7 indicates the variations of thermal performance criteria with the
increase of the nanofluid volume fraction. As is evident in the figure, the increase of
volume fraction leads to the decrease of thermal performance for all amounts of B
and constant values of Ha = 10, L1 = L2 = 0.5, Q = 1, φ = 0.05.
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Fig. 4. Profiles of the local Nusselt number along the heat source for Cu-water at φ =
0.05, Ha = 10, L1 = L2 = 0.5, Q = 1,Φ = 45◦.

Figure 8 represents the effects of Ha on thermal performance criteria. As shown
in the figure, at the beginning, thermal performance improves with the increase of
Ha and is optimized at a certain point. For instance, at B = 0.1, Ha = 40 causes
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Fig. 5. Variation of the average Nusselt number for Cu-water at φ = 0.05, Ha = 10, L1 =
L2 = 0.5, Q = 1,Φ = 45◦.
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Fig. 6. Variation of the average total entropy generation for Cu-water at φ = 0.05, Ha =
10, L1 = L2 = 0.5, Q = 1,Φ = 45◦.

the optimum value of thermal performance. It is therefore recommended that for all
amounts of B, Ha should be less than 40.

Figure 9 exhibits the effectiveness of the size of hot walls on streamlines and
isotherms. As shown in Figure 9a, as the source gets larger, streamlines at the bottom
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Fig. 7. Variation of global entropy to average Nusselt number at φ = 0.05, Ha = 10, L1 =
L2 = 0.5, Q = 1,Φ = 45◦.

Fig. 8. Variation of global entropy to average Nusselt number at φ = 0.05, L1 = L2 =
0.5, Q = 1,Φ = 45◦.
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Fig. 9. Streamlines (a), and isothermal (b) for Cu-water at φ = 0.05, Ha = 10, L1 = L2, Q =
1, B = 0.3.

of the cavity show another rotation similar to that of the main cell, and, furthermore,
at L1 = L2 = L, a third CCW rotation occurs at the lower middle part of the cavity.

Taking the streamlines into consideration, the isothermal lines assume a peak
shape at the bottom wall of the cavity where L = 0.8 and adjacent to the end of
the lower horizontal wall, in which the temperature gradient reduces and finally,
the results are in the minimum amount of Nusselt number for the lower hot source
(Fig. 10a). Figure 10b exhibits the variation of the Nusselt number of the vertical
hot wall based on the size of the source. As indicated in the isothermal lines of
Figure 9, the density and temperature gradient near the hot wall are remarkably
large for L = 0.2, and decrease as the size becomes larger. The local Nusselt number
is therefore supposed to decrease with the increase of L, whereas for L = 1, the point
to point local Nusselt number is bigger than that of L = 0.8.

The effects of the effective viscosity models in heat transfer of nanofluids in a
cavity analyzed by the single phase approach are reported by Ho et al. [24]. Not
only adding nanoparticles in a pure fluid leads to increasing the thermal conductivity
but also the viscosity increases as well [17]. Indeed, both of the studies of Ho et al.
[24] and Abu-Nada and Chamkha [17] reveal that the dynamic viscosity is a very
important factor for the heat transfer behavior of nanofluids because of its effect on
the nanofluid velocity. So, in some cases of heat source size, addition of nanoparticles
leads to decreasing the velocity and therefore, the heat transfer.

Figure 11 exhibits the changes of the Nusselt number with the addition of φ
and Ha. As represented in Figure 11a, the increase of the volume fraction causes
the increase of heat transfer only at L = 1. For other amounts, with the increase of
volume fraction, the Nusselt number either has no remarkable observable change in
Figure 11b, in which the increase of the Nusselt number has an ascending rate only
at L = 1. In other words, the addition of nanoparticles into the base fluid for the
purpose of increasing heat transfer is only advisable when L1 = L2 = 1.



Heat Transfer in Nanofluids 2633

Fig. 10. Profiles of the local Nusselt number along the heat source for Cu-water at φ =
0.05, Ha = 10, L1 = L2, Q = 1, B = 0.3.

As indicated in Figure 11c, at L = 0.8 and 1, the increment of Ha from zero to
about 40 accounts for the increase of heat transfer, and the Nusselt number reduces
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Fig. 11. Variation of the average Nusselt number for Cu-water at L1 = L2, Q = 1, B = 0.3,
(a,b) Ha = 10, (c) φ = 0.05.
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Fig. 12. Variation of the average total entropy generation for Cu-water at L1 = L2, B =
0.3, Q = 1,Φ = 45◦, Ha = 10 (a), φ = 0.05 (b).

with the increment of Ha up to 100. For other values of L, the increment of Ha causes
a decrease of the Nusselt number.

In general, an external magnetic field leads to suppression of the flow field and
therefore, the average Nusselt number is expected to decrease with the Hartmann
number.
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Fig. 13. Variation of global entropy to average Nusselt number at Ha = 10, L1 = L2,
B = 0.3, Q = 1,Φ = 45◦.

Figure 12 shows the variations of entropy according to φ and Ha. As discussed
earlier, the tremendous effect of nanoparticle addition on µ leads to an increase of
fluid friction, and since it accounts for a larger portion of the decrease of irreversibility
of heat transfer, entropy rises with the increment of volume fraction. For all amounts
of L, entropy lowers with the increase of Ha. At L = 0.2, the descending trend is
larger than that for other values of L.

Figure 13 exhibits the variations of thermal performance according to φ. As
observed in the figure, the addition of nanoparticles leads to a decrease of thermal
performance, which is the case for all amounts of L. It is worth noting that such a
trend is observed for all aforementioned constant parameters.

Figure 14 shows the variation of thermal performance based on Ha. As seen in
the figure, for values of L above 0.4, the increment of Ha causes the improvement of
thermal performance in general.

Figure 15 represents the changes of streamlines and isotherms with the variations
of Ha. Figure 15a shows the changes of streamlines with the increase of Ha. As is
evident in the figure, with the increment of Ha, and as the angle of magnetic field is
45 ◦, the current moves toward the upper right corner of the cavity, and considering
the momentum equation, the increment of Ha leads to a decrease of velocity and
decrease of strength of the cells inside the cavity. Figure 15b shows the variations of
isothermal lines with the changes of Ha. As is obvious in the figure, the density of the
isothermal lines adjacent to the horizontal hot wall decreases with the increase of Ha,
and the Nusselt number is also expected to be lowered, which is evident in Figure 16a.
Further, the density near the end part of the vertical hot wall at Ha = 50 is larger
than that of the other conditions, and the Nusselt number pertaining to Ha = 50
should accordingly be larger at the end of the vertical hot wall in comparison with
other states. This can be observed in Figure 16b. Figure 17 shows the variations of
the average Nusselt number with the increase of volume fraction. As noted before,
the strength of the cells as an index of fluid velocity decreases with the increment
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Fig. 14. Variation of global entropy to average Nusselt number at φ = 0.05, L1 = L2, B =
0.3, Q = 1,Φ = 45◦.

Fig. 15. Streamlines (a) and Isothermal (b) for Cu-water at φ = 0.05, L1 = L2 = 0.5, B =
0.3, Q = 1,Φ = 45◦.

of Ha. The convection term accordingly decreases, and the heat transfer is mainly
represented by conduction. That is why heat transfer decreases with the rise of Ha
in general.
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Fig. 16. Profiles of the local Nusselt number along the heat source for Cu-water at φ =
0.05, L1 = L2 = 0.5, B = 0.3, Q = 1,Φ = 45◦.

Figure 18 exhibits changes of the entropy generation rate with the increment of
volume fraction and Ha. An increment of the volume fraction leads to a decrease
of entropy only at Ha = 100. At Ha = 0–25, the addition of φ causes a rise of the
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Fig. 17. Variation of the average Nusselt number for Cu-water at L1 = L2 = 0.5, B =
0.3, Q = 1,Φ = 45◦.

Fig. 18. Variation of the average total entropy generation for Cu-water at L1 = L2 =
0.5, B = 0.3, Q = 1,Φ = 45◦.

entropy generation rate. For Ha = 50, when the nanoparticles have a small volume
fraction, entropy will reduce, whereas it rises for a volume fraction more than 0.06.
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Fig. 19. Variation of global entropy to average Nusselt number at L1 = L2 = 0.5, B =
0.3, Q = 1,Φ = 45◦.

Fig. 20. Streamlines (a) and Isothermal (b) for Cu-water at φ = 0.05, L1 = L2 = 0.5, B =
0.3, Ha = 10,Φ = 45◦.

The Lorentz force as well as the velocity boundary layer lead to a different trend
of the Bejan number ratio with the Hartmann number.

Figure 19 indicates the change in the thermal performance rate based on Ha and
φ. It may generally be claimed that at Ha = 100, and for all amounts of φ, thermal
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Fig. 21. Variation of the average Nusselt number for Cu-water at L1 = L2 = 0.5, B =
0.3, Ha = 10,Φ = 45◦.

performance is improved and the addition of nanoparticles leads to an amelioration of
the system performance. This trend can be seen for Ha = 50 and up to φ = 0.04. The
addition of nanoparticles causes a loss of thermal performance under other conditions.
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Fig. 22. Variation of the average total entropy generation for Cu-water at L1 = L2 =
0.5, B = 0.3, Ha = 10,Φ = 45◦.

Fig. 23. Variation of global entropy to average Nusselt number at L1 = L2 = 0.5, B =
0.3, Ha = 10,Φ = 45◦.
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Figure 20 represents the changes of the isothermal lines with those of Q. As is
obvious in Figure 20b, at the end part of the horizontal hot wall, the density of
the isothermal lines decreases with the growth of Q and therefore results in a larger
Nusselt number. As is seen in Figure 21b, the Nusselt number becomes maximum
when Q = −2. Nu+

m lowers with the increment of φ for all values of Q. The neg-
ative values of Q indeed show a sink. The increase in the values of Q shows the
increase of the internal heat generation in the cavity. The increase of the heat gener-
ation tends to increase the overall temperature of the cavity. Hence, the areas next
to the hot elements experience a lower temperature difference due to the fact that
the temperature of the domain has increased and gets closer the hot temperature
of the wall. However, an increase of the temperature gradient near the cold wall can
be expected due to the fact that the generated heat in this region has increased the
temperature of the domain. The increase of the temperature next to the cold wall
results in a higher temperature gradient at the cold wall and therefore an increase in
the Nusselt number.

As observed in Figure 22, the addition of φ causes a rise of the entropy generation
rate for all amounts of Q. The rate is maximum for Q = 2. Such a trend is observed
in Figure 23 for e+.

5 Conclusion

The effects of a corner heater, internal heat generation, inclined magnetic field and
nanofluid volume fraction on the entropy generation and mixed convection flow in a
C-shaped enclosure is studied numerically. Important conclusions are obtained from
the study and they are summarized below:

– At B = 0.1, the Nusselt number increases with an increase of the volume frac-
tion of the nanofluid, but for other values of B, increasing φ leads to a decrease
in Nu.

– Increasing the volume fraction causes an increase in the entropy for all amounts
of B.

– It is recommended that for all amounts of B, Ha should be less than 40.

– The addition of nanoparticles into the base fluid for the purpose of increasing
heat transfer is only advisable when L1 = L2 = 1.

– At L = 0.8 and 1, the increment of Ha from zero to about 40 accounts for the
increase of heat transfer, and the Nusselt number reduces with the increment
of Ha up to 100. For other values of L, an increment of Ha causes a decrease
of the Nusselt number.

– Nu+
m lowers with the increment of φ for all values of Q.

Nomenclature

B0 magnetic field strength, T
Cp specific heat at constant pressure, J kg K−1

H length of cavity, m
Ha Hartmann number
Gr Grashof number
g acceleration due to gravity, m s−2

k thermal conductivity, Wm−1 K−1
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Nus local Nusselt number
Num average Nusselt number of heat source
p fluid pressure, Pa
P dimensionless pressure
Pr Prandtl number
Re Reynolds number
S entropy generation, WK−1 m−3

T temperature, K
Tc cold wall temperature, K
Th heated wall temperature, K
u, v velocity components in x, y directions, ms−1

U, V dimensionless velocity components
x, y cartesian coordinates, m
X,Y dimensionless coordinates

Greek symbols

α thermal diffusivity, m2 s−1

β thermal expansion coefficient, K−1

φ solid volume fraction
σ effective electrical conductivity, µS/cm
θ dimensionless temperature
µ dynamic viscosity, Ns m−2

ν kinematic viscosity, m2 s−1

ρ density, kg m−3

Subscripts

c cold
0 reference
f pure fluid
h hot
m average
nf nanofluid
P nanoparticle
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