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A B S T R A C T

A novel shape of cavity filled by Fe3O4-water nanofluids and porous media associated with natural convection
under a constant inclined magnetic field has been studied. A novel model for viscosity named magnetic field
dependent (MFD) viscosity is applied. The effects of Darcy, Hartmann and Rayleigh numbers, inclination angle
and the cavity aspect ratio on heat and flow fields characteristics have been examined. The results represent that
more the heat transfer rate has been constrained with any increment in the Hartmann number and therefore, the
magnetic field can be utilized as an excellent controller of the heat transfer. Further, it is inferred that more
values of the aspect ratio give always a greater average Nusselt number, at a given Ra.

1. Introduction

Nanofluids as a relatively new class of heat transfer fluids have at-
tracted much attention of researchers during past two decades
throughout the world. The ever-increased number of journal and con-
ference papers as well as many books devoted to the nanofluids, have
placed this issue on the top few hot issues in the mechanical and che-
mical engineering disciplines as well as physics and material sciences.
Choi and Eastman [1] introduced nanofluids to enhance heat transfer of
cooling processes for the first time. The main idea of suspending very
tiny particles in conventional fluid to achieve more desired physical
properties was proposed for the first time by Maxwell [2] in the nine-
teenth century. He thought that physical properties would be enhanced
by dispersing metal particles in water. Unfortunately, he couldn't rea-
lize his idea because of fast micro-particles sedimentation. Nanofluids
refer to nano-scale particles suspended in conventional heat transfer
fluids like ethylene glycol, oil and water to enhance thermos-physical
properties like density, viscosity, specific heat transfer and thermal
conductivity. Typically, nanoparticles are synthesized by metals or

oxides as well as carbon nanotubes. Nowadays, nanofluids applications
are successfully experienced in a broad range of industries, in-
cluding, but not limited to, impingement jets [3-5], heat exchangers [6-
8], renewable energies [9-11], automotive [12-14], electronic chips
cooling [15-17], nuclear reactors [18,19], heating and tempering pro-
cess [20-23], combustion [24-26], lubrication [27-29], medicine [30-
32], so on.

Enclosures and cavities are frequent in diverse equipment and in-
dustries like HVAC [21,33-36], nuclear power [37,38], heat exchangers
[39-41], renewable energies [42-46] and so on. It looks that Patterson
and Imberger [47] have performed one of the first investigations into
the fluid flow within enclosures. They analyzed transient natural con-
vection within a rectangular enclosure. They deduced that although the
steady state of the studied flows does not depend on the value of the Pr,
it is obvious that the unsteady flows may be dependent forcefully on the
Pr. Thus, diverse unsteady flows may pertain to various regimes, but
eventually converge to the same steady states. Armaghani et al. [48]
perused natural convection of alumina-H2O nanofluids within a baffled
L-shaped enclosure, numerically. They reported that any increment in
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aspect ratio leads to enhancement in heat transfer and nanofluids
strength this behavior. Chamkha et al. [44] analyzed entropy genera-
tion and magnetic natural convection of copper oxide- H2O nanoliquid
within an C-shaped enclosure, numerically. Their results showed that
the nanoparticles volume concentration boosts the natural convection,
but unfavorably enhances the entropy generation rate. Moreover, it is
seen that the magnetic field can repress both the entropy generation
rate and the natural convection. Mamourian et al. [49] tried to study
the impact of a magnetic field and its inclination angles on natural
convection heat transfer and entropy generation of nanofluids in a
square cavity. They found out that irrespective of the Ha number and
inclination angle, the total entropy generation and the mean Nusselt
number boost by enhancing of the Rayleigh number.

In an another numerical study, Bondareva et al. [50] studied the
magnetic natural convection within an inclined wavy open porous na-
nofluids filled-cavity. Their results show that the mutual enhancement
in the Hartmann number and magnetic field inclination angle causes to
the heat transfer decline and attenuation of convective flow. Recently,
Dogonchi et al. [51] perused the magnetic natural convection of nano-
liquid inside a cavity with an inclined elliptical heater. They tried to
find the effect of shape factor of nanoparticles in heat transfer, in-
cluding spherical, cylindrical and platelets shapes of copper and they
found out that the platelet nanoparticle is better than the other ones,
from heat transfer enhancement viewpoint. Their results show the heat
transfer grows by ascending nanoparticle volume concentration. Ra-
shad et al. [52] numerically examined the entropy generation and
magnetic natural convection of nanoliquid within an inclined square
porous enclosure. They also investigated the impacts of size and loca-
tion of heat sink and source. Their results indicated surprisingly, that
the Nusselt number lessens by any gain in the nanoparticle volume
fraction as well as the Hartmann number. Investigation of magnetic
natural convection of a hybrid nanofluids in a porous medium within a
square cavity has been performed by Sajjadi et al. [53], most recently.

Their results demonstrated that the heat transfer rate has been reduced
by ascending the magnetic field and this decline is decreased by Darcy
number and boosts by Rayleigh number and porosity. Dogonchi et al.
[54] perused the magnetic natural convection of nanofluids (H2O-
copper) in a porous arc-shaped enclosure considering Brownian motion
as an important mechanism for heat transfer increment. Their results
stated that the strength of the convective flow has a positive relation-
ship with the Darcy and Rayleigh numbers while it has an opposite
relationship with the inclination angle of the magnetic field and Hart-
mann number. There are also other numerical studies [55-67] on nat-
ural convection which are truly worthwhile to read.

Conventional nanofluids as well as their modern generation named
“hybrid nanofluids” are of great interest of thermal scientists and re-
searchers around the world to help the cooling processes in many in-
dustries like electronic devices including diverse geometries and
powers. One of this geometry is trapezoid which has been studied in
this paper as a hot source. This geometry will be more practical than the
square cavities.

This paper has been devoted to investigate the natural convection
heat transfer of Fe3O4-water nanofluids in a porous cavity subjected to a
constant inclined magnetic field, numerically using finite element
method (FEM). The effects of diverse controlling parameters like Darcy,
Hartmann and Rayleigh numbers and angle of magnetic field parameter
on flow and heat transfer characteristics are examined.

2. Materials and Methods

Natural convection of Fe3O4-water nanofluids in a porous enclosure
under constant inclined magnetic field is shown in Fig. 1. Three con-
tinuous bottom-center walls (one horizontal and two inclined walls) are
in Tc while seven blue walls are in Th and clearly Th>Tc. Two other
walls are adiabatic. The cavity is filled with porous medium and sub-
jected to an inclined magnetic field (B0). The nanoparticle volume

Nomenclature

ρ density
K permeability parameter
T temperature
(ρCp) heat capacity
Ha Harmann number
μ dynamic viscosity
Pr Prandtl number
σ Electrical conductivity
β thermal expansion
p pressure
k thermal conductivity
(u,v) velocity components in (x,y) directions

m shape factor
Nu Nusselt number
γ Inclination angle
Ra Raleigh number
Da Darcy number

Subscripts

loc local
ave average
f base fluid
s solid nanoparticles
nf nanofluid

Fig. 1. (a) Geometry of present work and (b) Sample mesh
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concentration is ranging from zero to 4%. The governing equations for
two-dimensional natural convection flow of ferro-fluid can be expressed
as:
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Where (ρβ)nf, ρnf, σnf, (ρCp)nf, and knf subject to the impacts of nano-
particle shapes are expressed as follows [68,69]:
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Here, m denotes the shape factor. Table 1 portrays the diverse va-
lues of m [70,71]. Magnetic field dependent (MFD) viscosity is de-
scribed as follows [72]:
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Table 2 portrays the nanofluids thermo-physical properties [73]. We
defined the dimensionless variables:
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Eventually, the governing equations reduce to non-dimensional
form:

Table 1
Shape factor values for various nanoparticle shapes [70,71]

Particle Shapes Spherical Platelet Blade

m 3 5.7 8.3

Table 2
Thermo-physical properties of water and nanoparticles [73]

ρ(kg/m3) Cp(J/kgK) k(W/mK)

Fe3O4 5200 670 6
Pure water 997.1 4179 0.6

Fig. 2. Comparison between the a) present work, b) Paroncini and Corvaro [74], c) Abbassi et al. [75] at Ra=2.25 × 105

Table 3
The effect of shape factor (m) on Nuave when Ha=20, =ϕ 2%,
Da=0.01, γ=0°, δ = 0.5 and Pr=6.2.

Ra m Nuave.

103 3 0.469298
5.7 0.480447
8.3 0.487875

104 3 0.58986
5.7 0.598707
8.3 0.605785

105 3 1.645641
5.7 1.673031
8.3 1.687404

Table 4
Effect of nanoparticle volume concentration on Nuave when Ha=20, Da=0.01,
γ=0°, δ = 0.5 and Pr=6.2.

Ra φ Nuave. Enhancement (%)

103 0 0.448977 -
0.02 0.487875 8.66
0.04 0.527603 17.51

104 0 0.581534 -
0.02 0.605785 4.17
0.04 0.627415 7.89

105 0 1.617706 -
0.02 1.687404 4.3
0.04 1.739637 7.53
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with the boundary conditions:
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Fig. 3. Effects of Ha and Ra on streamlines (left) and isotherms (right) contours when ϕ = 2%, Da=0.01, γ=0° and δ=0.5

Fig. 4. Effects of Ha and Ra on U (left) and V (right) contours when ϕ = 2%, Da=0.01, γ=0° and δ=0.5
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here n denotes the direction normal to the wall.
To solve governing equations, the finite element method (FEM) is

used. Fig. 2 shows the comparison of isotherms of the present work with
two other published papers [74,75] for natural convection inside a
cavity subjected to a hot source and filled with air at Ra=2.25 × 105.
This figure shows that our numerical solution is accurate and valid.

3. Results and discussion

Impacts of active parameters such as Darcy, Rayleigh and Hartmann
numbers (Da, Ha, Ra), nanoparticles volume concentration (ϕ), shape
factor of nanoparticles (m), γ and δ on ferro-fluid natural convection in
a porous enclosure are studied. In this work, the value of Pr has been
considered as 6.2.

Table 3 portrays the effect of shape factor (m) on average Nusselt
number for Hartmann number of 20, 2% nanoparticle volume

concentration, Darcy number of 0.01, inclination angle of zero, and
aspect ratio (δ) of 0.5. Based on table 3, since the blade shape of na-
noparticles leads more heat transfer rate than other shapes of nano-
particles, therefore the blade shape of nanoparticles is utilized in our
simulations. Table 4 also represents the effect of nanoparticle volume
concentration variation on the Nuave. for Ha of 20, Darcy number of
0.01, no inclination angle, aspect ratio of 0.5, and different Rayleigh
numbers. It is shown that the average Nusselt number boosts with any
enhancement in the nanoparticle volume concentration. These en-
hancements become greater for lower Rayleigh numbers. Nevertheless,
the Nuave. continuously grows with any gain in the Rayleigh number.

Fig. 3 shows the effects of Hartmann and Rayleigh numbers on the
heat transfer and fluid flow phenomena, when Darcy number is 0.01,
nanoparticle volume concentration is 2%, the γ is zero, and the aspect
ratio is 0.5. The Hartmann number for left six images and right six
images is equal to zero and 20, respectively. The first and third columns

Fig. 5. Effect of Da streamlines (left) and isotherms (right) contours for various values of Ra when ϕ = 2%, Ha=20, γ=0° and δ=0.5

Fig. 6. Effect of Da on U (left) and V (right) contours for various values of Ra when ϕ = 2%, Ha=20, γ=0° and δ=0.5
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show the streamlines and the second and fourth ones represents the
isotherms for different Rayleigh numbers ranging from 103 to 105.
Generally, there are two completely distinct cells moving from bottom
to top by ascending the Rayleigh number. As shown, the maximum
value for streamlines grows dramatically from 0.3742 to 20.2684 by
ascending the Rayleigh number. The same behavior has been observed
for isotherms. Increasing the Hartmann number means strengthening
the magnetic field leads to have lower values for streamlines and iso-
therms. It means that the magnetic field has limited the heat transfer
and fluid flow, considerably. Isotherms also are perpendicular to the
adiabatic walls in both cases (Ha=0 and Ha=20).

Any increase in the Rayleigh number and consequently empowering
the streamlines leads to change the isotherms from an ordered layered
arrangement for the Rayleigh number of 103 to an unordered dis-
tribution. The temperature gradient also is clear in the Fig. 3. The
presence of the magnetic field also may result in the isotherms get more
organized compared to the case of Ha=0. The story behind is that the
significant decrease in velocity and the power of the streamlines leads
to have a layered arrangement of isotherms.

The effect of variation of the Hartmann and Rayleigh numbers on
different non-dimensional velocity components contours (U and V) is
shown in Fig. 4. While both cases show that the maximum values for U
and V is enhanced drastically with increasing the Rayleigh number, the
values for Ha=20 is considerably lower than those of Ha=0. It is an
another evidence that a magnetic field can constraint the flow field,
fundamentally.

According to Eq. 13, any increase in the Rayleigh number will re-
sults in increase in the right-hand side of the equation and then the
velocity will be enhanced. The minus sign of velocity components in
Eqs. 12 and 13 leads to decrease the value of the left-hand sides of these
equations with any increase in the Hartmann number. Therefore, we
anticipated that the velocity will be reduced with an increasing Hart-
mann number which is proved in Fig. 4.

Fig. 5 shows the effect of Darcy and Rayleigh numbers variations on
the streamlines and isotherms contours. The streamlines and isotherms
have become stronger noticeably with any increase in the Rayleigh
number in both cases (Da=0.01 and Da=100). However, the values for
case of Da=100 is much greater than those of Da=0.01. It means that

Fig. 7. Effect of γ on streamlines (left) and isotherms (right) contours for various values of Ra when ϕ = 2%, Ha=20, Da=0.01 and δ=0.5

Fig. 8. Effect of γ on U (left) and V (right) contours for various values of Ra when ϕ = 2%, Ha=20, Da=0.01 and δ=0.5
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more permeability of porous media gives greater values for heat and
flow fields. According to Fig. 5, the temperature gradient at the sharp
spots of the geometry on the hot wall are relatively greater than the
other locations. It induces considerably high Nusselt numbers. As
mentioned before, any increase in the Rayleigh number will result in
some enhancement in temperature gradient and the local Nusselt
number.

The effect of variation of the Darcy and Rayleigh numbers on dif-
ferent non-dimensional velocity components contours (U and V) is
shown in Fig. 6. While both cases show that the maximum values for U
and V is enhanced drastically with increasing the Rayleigh number, the
values for Da=100 is much greater than those of Da=0.01. The en-
hancement of absolute values for the maximum U and the maximum V
is 61.5% and 53.7% for Ra=103, 50.5% and 32.8 for Ra=104, and 22.6
and 20.5 for Ra=105, respectively. It clearly means that greater flow
fields are accessible with increase the permeability of porous media,
even in the presence of nanofluids and a magnetic field.

Fig. 7 represents the effects of γ and Rayleigh number variations on
the streamlines and isotherms contours, when the nanoparticle volume
concentration is 2%, the Hartmann number is 20, the Darcy number is
0.01, and the aspect ratio is 0.5. As shown, the streamlines and iso-
therms will be stronger with any increase in the Rayleigh number, at a
given inclination angle. These contours also grow with an increase the
inclination angle from 0 to 30 degrees and decrease drastically

afterward until 90 degrees, for Ra=103. The maximum strength of
contours for Ra=104 and R=105 occurs at 60 degrees. Collectively, it
found that more heat transfer will occur with increase the inclination
angle and more space of the cavity also will be touched. The maximum
value of the streamline is 16.1963 for Ra=106 and inclination angle of
60 degrees.

As it is shown in Fig. 7, the presence of the magnetic field with 30
and 60 degrees’ orientations may result in elongation the rotating cells
of up-right streamlines to the right. The maximum value of streamline
takes place at 60 degrees. The most area of the cavity is captured by the
rotating cells in this case and will be more captured with any increase in
the Rayleigh number.

The effects of γ and Rayleigh number variations on the non-di-
mensional velocity components contours are shown in Fig. 8 for the
nanoparticle volume concentration is 2%, the Hartmann number is 20,
the Darcy number is 0.01, and the aspect ratio is 0.5. At the first look, it
is clear that the absolute values of the maximum U and maximum V
grow considerably with any enhancement in the Ra. On the other hand,
the more inclination angle gives different values for the velocity com-
ponents in an unpredictable manner, at a given Rayleigh number. For
example, the absolute maximum value of U will increase from
0.7994428 for inclination angle of zero to 1.02849 for inclination angle
of 30 degrees, at Ra=103. Then, the value drops fast until 0.539416 for
inclination angle of 90 degrees. While, the peak values for the other

Fig. 9. Effect of δ on streamlines (left) and isotherms (right) contours for various values of Ra when ϕ = 2%, Ha=20, Da=0.01 and γ=0°

Fig. 10. Effect of δ on U (left) and V (right) contours for various values of Ra when ϕ = 2%, Ha=20, Da=0.01 and γ=0°
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cases occur in different inclination angles, mostly 30 or 60 degrees.
Fig. 9 shows the effects of δ and Rayleigh number variations on the

streamlines and isotherms contours for the nanoparticle volume con-
centration is 2%, the Hartmann number is 20, the Darcy number is 0.01,
and the inclination angle is equal to zero. The results represent that the
streamlines and isotherms get weaker with any increase in the aspect
ratio. This is true about for greater Rayleigh numbers like 104 and 105.
However, the streamlines and isotherm contours doesn't change

considerably by changing the aspect ratio when Ra=103.
The effects of changing the aspect ratio on the non-dimensional

velocity components contours for diverse values of the Ra are shown in
Fig. 10. As shown, although greater values of the Rayleigh number give
much stronger contours at a given aspect ratio, the absolute maximum
values of U and V doesn't change in a predictable manner with any
augmentation in the aspect ratio.

The Nuloc distributions versus the Rayleigh and Hartmann numbers

Fig. 11. Effects of Ha, Ra and Da on local Nusselt number when ϕ = 2%, γ=0° and δ = 0.5
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for two cases of Da=0.01 and Da=100 are shown in Fig. 11, when the
nanoparticle volume concentration is 2%, the aspect ratio is 0.5, and
the inclination angle is equal to zero. Generally, the locations of 0.25
and 0.75 give the highest values of local Nusselt numbers. On the other
hand, the Nuloc. is equal to zero at locations of 0.125, 0.375, 0.625, and
0.875. In case 1 (Ra=103, Ha=0), there is no difference between the
local Nusselt numbers for Da=0.01 and Da=100, except the center
area. The distributions are same completely in case 2 (Ra=103,
Ha=20). However, the results show that everything changes when the
Rayleigh number grows. In case 3 (Ra=104, Ha=0) the cavity ex-
perienced greater local Nusselt numbers, especially at the center and
clearly, Da=100 yields much greater values than those of Da=0.01.
The local Nusselt number distribution in case 4 (Ra=104, Ha=200) is
same as case 1 with two small differences: greater values of the local
Nusselt number at the center and the lower ones at both ends of the
cavity. The scale of the local Nusselt number is much greater for cases 5
(Ra=105, Ha=0) and 6 (Ra=105, Ha=20) than the previous cases.
However, there is no difference between the distributions for Da=0.01

and D=100 in case 6. The general finding is that there is no a con-
siderable difference between the local Nusselt number values and dis-
tributions for a permeable porous medium (Da=0.01) and a more
permeable porous medium (Da=100), when a magnetic field is ap-
plied. The variation of the Rayleigh number doesn't affect noticeably
this manner.

The Nuave variations versus the Ra for both cases of Ha=0 and
Ha=20 is examined and shown in Fig. 12, when the nanoparticle vo-
lume concentration is 2%, the aspect ratio is 0.5, and the inclination
angle is equal to zero. In each case, two porous media (Da=0.01 and
Da=100) have been investigated. The results show that the Nuave en-
hances with any augmentation in the Ra, for both cases. However, the
Nuave for case 1 (Ha=0) is greater than those of case 2 (Ha=20). It
means that the magnetic field has limited the heat transfer. More per-
meability yields greater average Nusselt number in both cases. While,
the differences between the average Nusselt numbers are more con-
siderable in case 1. It means that the benefit of implementing the
porous media (more porosity and more permeability) is restricted when
a magnetic field is applied.

Fig. 13 shows the effects of the aspect ratio on the average Nusselt
number as a function of the Rayleigh number. More values of the aspect
ratio give always a greater Nuave, at a given Rayleigh number. The
difference between the Nuave is increasing with any increment in the
Rayleigh number.

4. Conclusion

The effects of different parameters like Darcy, Hartmann and
Rayleigh numbers, the inclination angle of the magnetic field, the
cavity aspect ratio, and the nanoparticle shape factor on the heat and
flow fields features in a novel shape of the cavity have been examined
in this study.

The finite element method (FEM) is employed for discretizing the
governing equations and the remarkable finding are as follows:

1- The average and local Nusselt number enhance with any increment
in the Rayleigh number.

2- The blade shape of nanoparticles (m=8.3) yields more heat transfer
rate than the other shapes like spherical (m=3) and platelet
(m=5.7).

3- The average Nusselt number boosts with any enhancement in the
nanoparticle volume concentration including 17.51% for Ra=103,

Fig. 12. Effect of Da, Ra and Ha on average Nusselt number when ϕ = 2%, γ=0° and δ = 0.5

Fig. 13. Effect of δ on average Nusselt number when ϕ = 2%, Ha=20 and
Da=0.01
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7.89% for Ra=104, and 7.53% for Ra=105. The enhancements are
greater for lower Rayleigh numbers.

4- The streamlines, isotherms and therefore, the heat transfer rate have
been constrained with any enhancement in the Hartmann number.
The magnetic field can be used as an excellent controller of the heat
transfer.

5- Greater permeability of porous media yields greater values for heat
and flow fields. While, the benefit of implementing the porous
media (more porosity and more permeability) is restricted when a
magnetic field is applied.

6- More heat transfer will occur with increasing the inclination angle
and more space of the cavity also will be touched. The maximum
value of the streamline is 16.1963 for Ra=106 and inclination angle
of 60 degrees.

7- More values of the aspect ratio give always a greater average Nusselt
number, at a given Ra. The difference between the Nuave is as-
cending with any increase in the Rayleigh number.
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