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Abstract. Natural convection characteristics of Al2O3-water nanofluid in a cavity is invest-
igated numerically under the influence of a inclined magnetic field. The bottom wall is
partially heated, and the top wall is cooled and the remaining regions of the cavity are
kept adiabatic. An isothermally heated square blockage of the different rectangular size
is placed at the centre of the cavity. The schematic model is converted into mathematical
form, and the non-dimensional equations are discretized by the finite volume method using
power law scheme and solved by Semi-Implicit Method for Pressure Linked Equation
algorithm. The relevant parameters such as Rayleigh number (104-106), Hartmann number
(10-500), size of blockage ratio (0.25-0.75), length of the heat source (0.25-1.0) and
inclination angle of the magnetic field (0◦-90◦) on the flow and temperature fields are
examined. Results are presented in terms of streamlines, isotherms, velocity profile, local
and average Nusselt number. It was found that for low Hartmann numbers, the average heat
transfer rate attained the maximum at the inclined magnetic field of γ = 45◦. In addition,
the blockage ratio of B = 0.75 enhanced the higher heat transfer rate for all values of γ .
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1. Introduction

Natural convective heat transfer influenced by the temperature gradient across the
walls of cavity has significant practical and industrial applications such as in heat-
ing and cooling of buildings [1], electronic devices, glazing units used in buildings,
cooling of containers and heat exchangers, solar energy collectors, energy drying pro-
cesses, solar distillers [2], etc. In the study of natural convection, the configuration
bounded by adiabatic vertical walls and differentially heated horizontal walls with
bottom wall maintained with higher temperature is referred to as classical Rayleigh-
-Benard (RB) convection. RB configuration has attracted many researchers in view
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of its natural and engineering occuring accessibility. In industries, the free air cooling
due to RB convection happens from small scale computer chips to large scale pro-
cesses that controls the quantity of excess heat from the system in order to achieve
the longevity of equipment life. Owing to the wide applications, works on natural
convection heated from below inside the cavity is found in literature [3–7].

The fluids suspended by nanoparticles known as nanofluids having higher ther-
mal conductivity are considered as a promising technique to generate the higher heat
transfer rate inside the cavity. [8] first examined the natural convection heat trans-
fer enhancement utilizing nanofluids in a two dimensional rectangular cavity. They
observed that the heat transfer rate increases due to the increase in the solid volume
fraction of nanoparticles. The heat transfer behavior of copper-water nanofluids due
to laminar natural convection characteristics in a differentially heated square cavity
was studied by [9]. [10] performed the numerical simulation to study the flow and
heat transfer characteristics of alumina-water nanofluid in a square cavity. [11] ob-
served that the heat transfer performance is significantly affected by the inclination
angle inline with nanofluid when the heater is placed either at a side wall or at corners
of the cavity.

The configuration based on a square cavity with the presence of internal distur-
bance such as blocks in the study of heat and fluid flow has drawn great attention
by many researchers due to its various practical applications. These include grain
storages, heat exchangers and radiators, solidifications, cooling of microelectronic
equipments, etc. [12] studied the natural convection fluid flow and heat transfer of
copper-water nanofluid in a cavity having adiabatic square blockage at the center.
Their study reported that at the low Rayleigh number, the size of the blockage has
a significant effect on the heat transfer rate, whereas at a high Rayleigh number the
size of blockage does not influenced the rate of heat transfer. [13] studied the heat
transfer enhancement and entropy generation due to laminar natural convection in
a differentially heated cavity with different types of blocks inside by the finite volume
method. They found that when an isothermal cold blockage is placed inside the cav-
ity, the heat transfer rate increased continuously with increase of the block size for
the low Rayleigh number. [14] noted that the placement of blockages ensued differ-
ent intensities of heat transfer inside the cavity. The numerical simulation of natural
convection heat transfer of Al2O3-water nanofluid having an internal blockage inside
the L-shaped cavity was considered by [15]. [16] studied the conjugate heat transfer
analysis of natural convection filled with nanofluid in a partitioned cavity. They ob-
served that by increasing the Grashof number and decreasing the Hartmann number,
the local and average heat transfer rate was increased. Convective heat transfer in
a rotating nanoliquid chamber with an isothermal heater located on the cavity was in-
vestigated by [17] employing the single-phase approach. [18] studied the influence of
γ Al2O3 −H2O nanofluid in a square cavity with different shaped multiple obstacles.
They noted the maximum heat transfer rate by considering the triangular obstacles.

With various applications of engineering, science and medicine such as in MHD
power generators, oil separation and recovery from oil-contaminated sea water, and
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drug industries, studies about magnetohydrodynamics emerged as a potential topic
of interest in recent years. When the cavity is enriched with electrically conducting
fluids, effect of the Lorentz force becomes active due to presence of the magnetic
field and interacts with buoyancy force thereby influencing the flow and temperature
fields. A detailed review on natural convective heat transfer of nanofluid filled cav-
ities with magnetic field is summarized by [19]. The effect of a magnetic field on
natural convection in a nanofluid filled cavity was examined by various researchers
[20–25]. To the best of an author’s knowledge, there have been no studies in the lit-
erature on the analysis of momentum and heat transport of RB convection in a square
cavity with isothermal blockage under the influence of a uniform magnetic field.
The present work focus to propose the two dimensional numerical solution by con-
sidering alumina-water nanofluid as the working fluid inside the cavity.

2. Mathematical formulation

The natural convection in a square cavity filled with an electrically conducting
Al2O3 water nanofluid is considered with the presence of centrally positioned isother-
mally heated square blockage inside the cavity. The domain of the present study along
with important geometrical parameters is shown in Figure 1. The length of the cav-
ity is taken as H. An isothermally heated square blockage of size B = D/H where
D = H/4 is placed at the centre of the cavity. The blockage is maintained with tem-
perature (Th + Tc)/2 so that the blockage is produced with a uniform temperature
inside the cavity. The top wall and partially heated bottom wall of the cavity are
maintained with temperatures Tc and Th respectively, while the remaining portions
of the cavity is kept adiabatic. The directions of the acceleration due to gravity g
acts vertically downwards, and the velocity components (u,v) are chosen along the
cartesian coordinates (x,y). The flow is considered unsteady, laminar, incompressible
and two-dimensional. The thermal equilibrium is considered with the base fluid and
nanoparticles. A uniform inclined magnetic field of constant magnitude B0 is applied
by forming an angle γ with the horizontal axis.

The non-dimensional variables and parameters introduced to normalize the di-
mensional equations are given by:

X =
x
H
, Y =

y
H
, U =

uH
α f

, V =
vH
α f

, P =
pH2

ρn f α
2
f
, τ =

tα f

H2 ,

θ =
T −Tc

Th −Tc
, Pr =

ν f

α f
, Ra =

gβ f (Th −Tc)H3

ν f α f
, Ha = B0H

√
σ f

µ f

With the above consideration, the governing non-dimensional equations for conser-
vation of mass, momentum and energy together are given by:

∂U
∂X

+
∂V
∂Y

= 0 (1)
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Fig. 1. Physical configuration
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The non-dimensional form of initial and boundary conditions are given by:
τ = 0: U = 0, V = 0, θ = 0.
τ > 0:

At left and right walls: U = 0, V = 0,
∂θ

∂X
= 0

At top wall: U = 0, V = 0, θ = 0

At bottom wall: U = 0, V = 0, Active part: θ = 1, Remaining part:
∂θ

∂Y
= 0

At blockage: U = 0, V = 0, θ = 0.5.
The thermophysical properties such as effective density ρn f , thermal expansion

coefficient (ρβ )n f , thermal conductivity kn f , heat capacitance (ρCp)n f , electrical



Magnetoconvection of nanofluid in a partially heated cavity with isothermal blockage 81

conductivity σn f , thermal diffusivity αn f and dynamic viscosity µn f of the nanofluid
are defined as below:

ρn f = (1−φ)ρ f +φρs, (ρβ )n f = (1−φ)(ρβ ) f +φ(ρβ )s

kn f

k f
=

ks +2k f −2φ(k f − ks)

ks +2k f +φ(k f − ks)
, (ρCp)n f = (1−φ)(ρCp) f +φ(ρCp)s

σn f = σ f

[
1+

3( σs
σ f

−1)φ

( σs
σ f

+2)− ( σs
σ f

−1)φ

]
, αn f =

kn f

(ρCp)n f
, µn f =

µ f

(1−φ)2.5

where φ is the solid volume fraction of the nanoparticles.
The expression for the local Nusselt number is given by

Nuloc =
hH
k f

where the heat transfer coefficient and thermal conductivity are given by

h =
qw

Th −Tc

∣∣∣∣
y=0

kn f =− qw

∂T/∂y

The heat transfer coefficient in terms of local Nusselt number Nuloc and average
Nusselt number Nuavg is given by

Nuloc =−
(

kn f

k f

)
∂θ

∂Y

∣∣∣∣
Y=0

Nuavg =
∫ (1+ε)

2

(1−ε)
2

Nuloc dX

3. Numerical methodology

The unsteady non-dimensional Eqs. (1)-(4) together with the boundary condi-
tions are numerically solved using the finite volume method (FVM). In this method,
the unsteady non-dimensional equations are integrated over the finite number of con-
trol volumes and time steps. A staggered grid refinement is chosen to store the scalar
variables at the main nodal points and the vector quantities at the cell faces of the
control volumes. The power law scheme and central differencing scheme are respec-
tively used to approximate the convective and diffusive terms. The SIMPLE (Semi-
Implicit Method for Pressure Linked Equation) algorithm of [26] is taken to solve the
coupling of continuity and pressure velocity equations. The non-dimensional equa-
tions are converted into a system of algebraic equations and solved using the Thomas
algorithm. The method is repeated continuously until the following convergence norm
is satisfied: ∣∣∣∣ϕn+1(i, j)−ϕn(i, j)

ϕn+1(i, j)

∣∣∣∣≤ 10−5
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Here ϕ corresponds to velocities U , V and temperature θ , while n is any time level
and (i, j) indicates the space co-ordinates.

The numerical tests are performed with structured sized grid points of 20×20 to
160×160 to obtain results for the average Nusselt number at fixed Ra = 105, φ = 0.02
and B = 0.25 as shown in Figure 2a. The mesh generation of computational domain
is presented in Figure 2b. It is seen from the figure that the average Nusselt number
does not change after the higher grid dimension of 120× 120. Hence, to reduce the
complexity in the computational domain a uniform grid system of 120×120 is used
in the present study for the calculation of all cases.

In order to check the validity of the developed code, a numerical comparison is
conducted with the published results of [20] for horizontal velocity (Fig. 3a) and
vertical velocity (Fig. 3b). Also, the streamlines (Fig. 3c) and isotherms (Fig. 3d) at
Ra = 106 is compared with B = 0.25 with the work of [13]. A matchable agreement
is obtained from the figure which gives good confidence to the numerical outcome of
the present study to be discussed in the next section.

Fig. 2. Grid independence test (a), sample mesh of computational domain (b)

4. Results and discussion

In this section, the numerical simulation is performed to understand the magne-
toconvection heat and fluid flow of Al2O3 water nanofluid in a partially heated bot-
tom cavity with isothermal heated blockage inside. The study is carried out by vary-
ing the following parameters such as Rayleigh number (Ra = 104-106), Hartmann
number (Ha = 10-500), inclination angle of magnetic field (γ = 0◦-90◦), length of
heat source (ε = 0.25-1.0) and size of blockage ratio (B = 0.25-0.75). The Prandtl
number (Pr) and solid volume fraction of nanoparticles (φ ) are fixed at 6.2 and 0.02
respectively throughout the study. The results are analyzed in the form of streamlines,
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isotherms, mid height velocity profiles and the rate of heat transfer using suitable
plots.

Fig. 3. Comparison of (a) horizontal velocity, (b) vertical velocity for different inclination angle with
work of [20] and (c) streamlines, (d) isotherms for Ra = 106 with work of [13]

Figure 4 represent streamlines and isotherms contours for different Ra and γ at
fixed Ha= 50,ε = 0.5 and B= 0.25. When the magnetic field is not inclined (γ = 0◦),
the application of inclined magnetic field acts along the direction normal to the ver-
tical walls of the cavity. At Ra = 104, streamlines are formed with multicellular flow
patterns of anticlockwise and clockwise rotating cells emerged along the left and
right sides of the blockage respectively inside the cavity. When the Rayleigh num-
ber is increased to 105, the flow fields changed such that the clockwise rotating ed-
dies influenced the major regions of the cavity. A further increase in the Ra creates
dominant buoyancy force and results in the formation of anticlockwise and clock-
wise rotating cells with high flow rates around the left and right sides of the heated
body respectively in equal proportions inside the cavity. For all γ , temperature fields
corresponds to conduction mode of heat transfer at Ra = 104 inside the cavity. When
γ is increased to 30◦, the anticlockwise rotating eddies elongated by suppressing
the clockwise rotating cells towards the right wall for Ra = 104. At Ra = 105, flow
circulation develops with the formation of oval shaped vortices of anticlockwise
eddies developed at the bottom left and top right corners of the heated body while
the clockwise rotating eddies emerged at the top left and bottom right corners of the
cavity. At Ra= 106, the high effect of buoyancy force together with the inclined mag-
netic field changes the streamlines flow patterns such that the anticlockwise rotating
cells are formed in three layers (i.e.) the first layer gets crowded in the circular
pattern around the heated blockage, the second layer with circulating vortices at
the four corners, and the third layer, formed in rectangular form inside the cavity.
A further increase in inclination angle corresponds to the primary and secondary
cells to occupy almost equal spaces around the heated blockage for Ra = 104 but at
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(a) (b)

Fig. 4. Streamlines (a) and isotherms (b) for different Ra and γ at fixed Ha = 50, ε = 0.5
and B = 0.25

Ra = 105, vortices become more inclined at their respective regions inside the cavity.
At Ra = 106, counter-rotating eddies contracts towards the heated blockage, and the
clockwise rotating eddies are developed towards the right side of heated blockage
inside the cavity. At γ = 90◦, the vertically applied magnetic field separated patterns
of anticlockwise and clockwise rotating cells towards the left and right sides of the
heated blockage inside the cavity for all Ra. At Ra = 105, the temperature contours
emerged about the heated portion of bottom wall and approached towards the left
corner indicating the quasi-conduction heat transfer mode. At Ra = 106, the effect
of increased buoyancy force resulted in the distribution of isotherms patterns and
resembled convective heat transfer inside the cavity.

The influence of the different blockage ratio and inclination angle on streamlines
and isotherms at fixed Ha = 50,ε = 0.5 and Ra = 105 is demonstrated in Figure 5.
At γ = 0◦ and for B = 0.125, streamlines are developed with high flow rates of
counter-clockwise and clockwise rotating cells inside the cavity. When γ is further
increased, the effect of inclined magnetic field acting in either direction tends the anti-
clockwise and clockwise patterns of streamlines much more inclined at the respective
regions in the cavity. At γ = 90◦, clockwise and counter-rotating eddies are produced
with opposite mirror images and are almost parallel to the vertical boundaries of the
cavity due to the applied magnetic field along vertical direction. The corresponding
isotherms contours developed from the bottom right regions of the heated wall and
reached along vertical boundaries representing the conduction-convection heat trans-
fer mode inside the cavity for γ ≤ 60◦. At γ = 90◦, the temperature contours are
almost parallel towards the horizontal boundaries of the cavity.
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(a) (b)

Fig. 5. Streamlines (a) and isotherms (b) for various B and γ at fixed Ha = 50, ε = 0.5
and Ra = 105

At B = 0.5, the effect of inclined magnetic field is nullified due to the increment
in size of isothermal heated blockage, and slight changes on streamlines patterns
are observed for γ ≤ 60◦. For γ = 90◦, streamlines are formed with opposite mirror
images around the heated body inside the cavity. For B = 0.75, the effect of varying
γ has no significant influence on streamlines due to the occupancy of B such that
streamlines emerged with multicellular flow patterns of clockwise and anticlockwise
eddies inside the cavity for all γ . The isothermal lines indicated the conductive mode
of heat transfer inside the cavity for all γ .

Fig. 6. Mid height horizontal and vertical velocity profile for different γ and (a) B = 0.125,
(b) B = 0.25, (c) B = 0.5 and (d) B = 0.75 at fixed ε = 0.5,Ha = 50 and Ra = 105
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The mid height horizontal and vertical velocity profiles for different γ and B at
fixed ε = 0.5, Ha= 50 and Ra= 105 is shown in Figure 6. It is observed that when the
inclined magnetic field is kept at 90◦, the minimum vertical velocity and maximum
horizontal velocity are observed inside the cavity.

Figure 7 represents the local Nusselt number for different ε and γ at fixed values
of Ha = 50, Ra = 105 and B = 0.25. For the length of heat source in the range
0.25≤ ε ≤ 0.75, the local heat transfer rate is found to be maximum at the right end of
the heat source length (γ = 0◦), at the left end of the heat source length (γ = 30◦,60◦)
and at the both ends of the heat source length (γ = 90◦), respectively. When ε = 1.0,
the local Nusselt number decreases from the left end to the right end of the bottom
wall for γ = 0◦, whereas for γ = 30◦ and 60◦, the local Nusselt number increases at
the first half of the heated portion of wall and then decreases. At γ = 90◦, the heat
transfer rate decreases at the center half of the heated wall and then increases.

Fig. 7. Local Nusselt number for different γ and different (a) ε = 0.25, (b) ε = 0.5, (c) ε = 0.75 and
(d) ε = 1.0 at fixed Ha = 50, B = 0.25 and Ra = 105

Figure 8 shows the local heat transfer rate of the partially heated bottom wall for
the different B and γ at fixed ε = 0.5, Ra = 105 and Ha = 50. At B = 0.125 and
γ = 0◦, a slight decrease in the local Nusselt number is observed along the left end
of the heated wall and then the local Nusselt number increases and is found to be
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maximum at the right end of the heated wall. When increasing γ to 30◦ and 60◦,
a contrast behavior to γ = 0◦ is witnessed. At γ = 90◦, the local Nusselt number is
maximum at both ends of the heated wall. For B = 0.5, it is noticed that the local
Nusselt number decreases at both ends and becomes flat at the middle region on the
active bottom wall of the cavity.

Fig. 8. Local Nusselt number for different γ and different (a) B = 0.125 and (b) B = 0.5 at fixed
Ha = 50, ε = 0.5 and Ra = 105

Fig. 9. Average Nusselt number for different B and γ at fixed Hartmann number (a) Ha = 50,
(b) Ha = 100 and fixed ε = 0.5 and Ra = 105

Figure 9 indicates the plot of average Nusselt number for different B and γ at
fixed ε = 0.5, Ra = 105 for Ha = 50 and Ha = 100. At Ha = 50, for the small size
of blockage, the average heat transfer rate is minimum at γ = 0◦ and is found to be
high at γ = 90◦. When B is increased to 0.25 and 0.5, the average Nusselt number
decreases. When the dimension ratio is further increased, the blockage occupying the
three-fourth region inside the cavity opposes the effect of the magnetic field produced
by the Ha, and the maximum heat transfer rate is observed for the dimension ratio
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for all the values of γ . At Ha = 100, the average heat transfer rate is found to be
minimum for all values of γ for the dimension ratio B = 0.125. When increasing
the dimension ratio, the average heat transfer also increases, and the maximum heat
transfer is observed for B = 0.75 and it remains almost constant for all γ .

The average Nusselt number for different Ra and γ at fixed ε = 0.5, Ha = 50 and
B = 0.25 is demonstrated in Figure 10a. For low values of Ra = 103 and Ra = 104,
the least effect caused by the buoyancy force produces the minimum heat transfer
rate inside the cavity and is identical for all γ . When Ra is increased, the rise in
the buoyancy force increases Nuavg. The maximum heat transfer rate is observed for
Ra = 106 at γ = 90◦.

Figure 10b shows the heat transfer rate for different Ha and γ at fixed ε = 0.5,
Ra = 105 and B = 0.25. The high buoyancy force at Ra = 105 is not largely affected
by low value of Ha = 10, and the maximum average heat transfer is experienced.
When increasing Ha to 50, the growth in the magnetic field retarded the buoyancy
force and the maximum heat transfer rate is produced by fixing γ at 45◦.The increase
in magnetic field by increasing Ha decreases Nuavg and remains the same for all γ .

Fig. 10. Nuavg for different γ at (a) different Ra at fixed ε = 0.5, Ha = 50 and B = 0.25,
(b) different Ha at fixed ε = 0.5, B = 0.25 and Ra = 105, (c) different ε at fixed B = 0.25,

Ha = 50 and Ra = 105

The Nuavg for different ε and γ at fixed Ha = 50, Ra = 105 and B = 0.25 is
depicted in Figure 10c. When the length of bottom heater is kept small (ε = 0.25
and ε = 0.5), the maximum and minimum heat transfer are noted for γ at 45◦ and
90◦, respectively. When the heater length is increased above 0.5, Nuavg is found to be
low for the vertically inclined magnetic field (γ = 0◦) and high for the horizontally
inclined magnetic field (γ = 90◦).

5. Conclusions

The natural convection heat transfer of water based Al2O3 nanofluid with isother-
mal square blockage in a partially heated cavity under the influence of uniform
magnetic field is examined. From this study, the following remarks can be concluded:
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• The flow and temperature fields are significantly influenced by the dimension-
less parameters. Moreover, at γ = 90◦, the flow fields are almost parallel to
the vertical boundaries of the cavity, and the convection heat transfer mode is
noticed for large values of Ra, small values of Ha and B.

• The local heat transfer rate is found to be maximum at both ends of the heated
bottom wall for γ = 90◦.

• At ε = 0.25 and ε = 0.5, the average heat transfer rate is found to be high at
γ = 45◦.

• The Nuavg is maximum for small Ha at γ = 45◦. The Nuavg is found to be low
and are same throughout for higher Ha for all the values of γ .

• The higher heat transfer rate is observed for the larger Rayleigh number at
γ = 90◦.

• When varying B, the higher heat transfer rate is obtained for B = 0.75 for all γ

due to the domination of isothermal blockage inside the cavity.
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