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The involvement of non-linear convection effects in a natural convective fluid flow and
heat transfer along with the effects of magnetic field in a porous cavity is studied
numerically. Cu-water filled cavity of higher temperature at the left wall and lower
temperature at the right wall. The governing equations are organized to achieve the
required flow by using two-dimensional equations of energy, continuity and momentum.
Vorticity-stream function based dimensionless equations are solved using the finite
difference techniques. The results are discussed for various dimensionless parameters such
as the Darcy number, non-linear convection parameter, Hartmann number, Rayleigh
number and solid volume fraction of the nanoparticles. An augment in streamline velocity
and convection heat transfer are observed by increasing the Rayleigh number, non-linear
convection parameter and Darcy number. The non-linear convection parameter has a lesser
effect on the lower Rayleigh numbers. Diminished streamline intensity and reduction in
convection heat transfer are noted for an increase in the strength of the applied magnetic

field irrespective of the non-linear convection parameter.

1. INTRODUCTION

Knowledge of understanding the natural convective fluid
flow and heat transfer in a porous media is essential due to a
bunch of applications in the area of crystal growth,
underground energy storage, contaminant transportation,
phase change energy storage devices, fuel cells, cooling of
electronic modules and others. The modeling of heat and fluid
flow occurs in a porous media and their necessities can be
reviewed in the lectures [1-4]. Recently, a study on quadratic
natural convective effect in a lid-driven cavity of the heated
bottom wall is found in the literature [5].

Ghasemi et al. [6] discussed the effect of Hartmann number
(magnetic field effect) over the flow occurs due to the natural
convection in an Alumina-water nanofluid filled rectangular
cavity. It is noted that the convection flow patterns are affected
due to the effect of an applied magnetic field. Basak and
Chamkha [7] analyzed a heatline flow that occurs by natural
convection in various nanofluids filled square cavity with
various types of thermal wall boundaries. The study explains
a heat transfer of nanofluids, such as conduction or convection

dominated heat transfer by using the heatlines or heatfunctions.

Mahmoudi et al. [8, 9] discussed the Al,Os-water nanofluid
flow and heat transfer in a square cavity due to natural
convection subjected to a magnetic field. By quantification of
applied magnetic field strength, it is observed that the
suppression in flow intensity and reduction of convection heat
transfer. Kobra et al. [10] and Rashad et al. [11] investigated
the heat transfer of Cu-water nanofluid within a cavity
addressed with the magnetic field effects. An investigation
highlights that the convection heat transfer is reduced by
increasing the Hartmann number between 0 to 50. Hartmann's
number above 50 delivers a lesser affection against the
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convection heat transfer process. Bondareva et al. [12] studied
the heatline flow that occurs in an open-end cavity from the
solid wall. The study identifies the reduction in the fluid flow
and heat transfer due to fluid dynamic viscosity with the
increase in the solid volume fraction of the nanoparticles.
Rostami et al. [13] reviewed the control parameters available
in the natural convective flow in a cavity of rectangular and
non-rectangular shapes. Regardless of the fluid, the flow
intensities and heat transfer are increased by increasing the
Rayleigh number. The magnetic field, on the other hand, is
involved in damping the effect of the flow velocity and
therefore the magnetic field is cited as the flow controller. In
addition to the above, the nanoparticles are involved in
improving the heat transfer due to the increased thermal
conductivity of the fluid.

Grosan et al. [14] investigated the inclination of the
magnetic field on MHD free convection and internal heat
generation effects in a rectangular porous cavity. Ahmed et al.
[15] focused on modeling and study of natural convection in a
right angle triangular shaped porous cavity. Fluid motion and
temperature distributions are reduced due to an increase in the
viscosity of the fluid by quantifying the solid volume fraction
of the Cu nanoparticles. Ma et al. [16] considered a study on
natural convection in a porous square cavity of three-sided
cooled walls with varying cooling lengths in the vertical walls
and heated at the bottom wall of the cavity. It is noted that an
increase in the combinations of Rayleigh number and Darcy
number increases the heat transfer by the convection. Nguyen
et al. [17] analyzed the Cu-water nanofluid heat transfer by
natural convection in a square porous cavity of a heated left
wall. The flow due to convection is improved for higher Darcy
number and stable or limitations in heat transfer are noticed
for increasing the solid volume fraction of the nanoparticles.


https://crossmark.crossref.org/dialog/?doi=10.18280/ijht.390322&domain=pdf

Balla et al. [18] discussed the behavior of MHD natural
convective flow of various nanofluids in an inclined porous
cavity. The study considers Al,Os;, Cu, SiO,, TiO;
nanoparticles dispersed in water. Out of the above considered
nanoparticles, Cu-water nanofluid model provides a higher
heat transfer rate and TiO,-water nanofluid provides a lower
heat transfer. Mansour et al. [19] investigated the locations
and size of the source and sink pairs in a porous enclosure
filled with hybrid nanofluid. Investigation reveals that the Cu
nanoparticles have a higher rate of heat transfer among other
nanoparticles. Nguyen et al. [20] analyzed the flow of Cu-
water nanofluid on a natural convective porous square cavity
with a wavy interface. Sheikholeslami [21] investigated the
MHD free convective effect in a porous, CuO-water nanofluid
filled cavity. An increase in the Nusselt number is observed
for the increase in Rayleigh number and solid volume fraction.
And also, a decrease in the Nusselt number is noted for an
increase in the Hartmann number. Al-Farhany and
Abdulkadhim [22] studied the convective heat transfer from
the conjugate wall of partially heated boundary to fluids in a
porous cavity. Heat transfer from the conjugated wall is
increased by increasing the Rayleigh number and the heat
source length. Alhumoud [23] investigated natural convective
heat transfer and fluid flow behavior due to the thermal
boundaries present at the solid surfaces on either side of the
porous cavity. An increase in convection heat transfer is
noticed for increasing the Darcy number, thermal conductivity
ratio of the wall and the Rayleigh number. Geridonmez and
Oztop [24] applied a magnetic field in a porous cavity partially
and studied its flow behavior. By applying the magnetic field
partially, the heat transfer and fluid flow can be controlled as
required. Belhadj et al. [25] studied the convection in a porous
cavity using Darcy-Brinkman-Forcheimer formulae. It is
noted that, enhancement of convective heat transfer is
applicable for the increase in Darcy number and Rayleigh
number, respectively. Bouafia et al. [26] investigated natural
convective flows due to the corrugated heated and cooled
boundary walls in a nanofluid filled porous cavity. The
investigation shows an improvement in the heat transfer rate
and reduction in recirculation of Al,Os-water nanofluid by
increasing the solid volume fraction of the nanoparticles.
Anandalakshmi et al. [27] analyzed the heat flow from the
rhombic-shaped porous cavity subjected to the wvarious
boundary conditions. The heatline analysis provides an
advantage in the visualization of heat propagation trajectories
from the heated wall to the cold wall. Jino and Vanav [28, 29]
investigated the MHD natural convective flows on Cu-water
nanofluid filled square cavity of various boundary conditions
in a saturated porous medium using the Kozey-Carman
equation model. Majdi et al. [30] demonstrated the flows of
nanofluids in the corrugated cavity, divided into parts with and
without the porous layer along with the solid cylinder in
between. The average Nusselt number increases with the
increase in the Darcy number, Rayleigh number, solid volume
fraction of the nanoparticles.

In the studies mentioned above, convective fluid flow and
the heat transfer occur inside a porous cavity in the presence
of an applied magnetic field with incorporating the non-linear
convection effects is not yet considered. The study focuses on
the importance of quadratic free convection when accuracy in
the flow field is considered. The non-linear term involved in
this research has to be considered on the effective modeling of
free convection flow. A small variation in the flow field can
give a greater impact on the performance of various
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applicational areas. Also in the above studies, it is concluded
that the heat transfer of conventional fluids is increased by
adding the nanoparticles into it, particularly Cu-water
nanofluid. Hence, this study illustrates the flow of Cu-water
nanofluid and heat transfer by the action of non-linear
convection parameter on MHD natural convective in a porous
cavity by using streamlines, isotherms and the heatlines.

2. GEOMETRY AND MATHEMATICAL MODEL

A geometry of equal spaced rectangle of each side length H,
in x and y direction, is considered as shown in Figure 1. A
non-dimensional temperature of 6=1 is distributed along the
left wall of the cavity and 6=0 is distributed along the right
wall of the cavity. Adiabatic temperature distribution of
00/0Y=0 is applied on both the horizontal walls. Each wall is
immovable with zero velocities. Cu-water nanofluid (Prandtl
number chosen as Pr=6.2) is filled in the entire porous domain.
The nanoparticles (Cu) of size ranges between 1-100 nm is
dispersed in a conventional fluid (water) is considered [17].

96/3Y = 0

M T T T T T T T N T T N T T T N T T T T T T T

X

96/3Y = 0
Figure 1. Physical geometry of the problem

It is considered that the water and the nanoparticle (Cu) are
in thermal equilibrium, the fluid is incompressible with
laminar, dismission of radiation and viscous dissipation effects
and applying the Boussinesq approximation. The density
variation along with the temperature is denoted with the
quadratic term [5]. The temperature of the nanofluid flow and
a porous bed is in thermal equilibrium and a nanofluid in the
porous bed is designed using the Darcy—Brinkman model with
neglecting the Forscheimer's inertia term in the momentum
equation [27]. Thus, the governing equations are generated to
demonstrate the flow field of Cu-water nanofluid in a porous
domain using above mentioned assumptions along with the
influence of applied magnetic field on the horizontal direction
of the cavity [7]. The governing equations are written in terms
of continuity, momentum and energy conservation equations
on two-dimensional space.
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where, S,=-0p/Ox-u(un/K) and S, =—ap/dy —v(u,/K) -
B2 + (pB)ng(T =T + (pB"), g(T — T.)? respectively. u
and v are flow velocities along the x and y directions
respectively. p is the pressure, u, is the nanofluids dynamic
viscosity (tn, = pp/(1—$)*3) , pn is the density of
nanofluid (p, = (1 — p)ps + ¢dpp) ., kn is the thermal

conductivity of the nanofluid (kn = kg [[kp + 2k —
2¢ (kg — kp)|/lkep + 2kp — 2¢0 (K, — kp)]])' (pcp)n is the
heat capacitance of the nanofluid ((pcp)n =(1-
qﬁ)(pcp)ﬂ + qb(pcp)p), and (pf)n is the thermal expansion

coefficient of the nanofluid ((pB), = (1—P)(PB)s: +

¢(p[>’)p) respectively [7] and their physical values are listed
in Table 1.

Table 1. Physical properties

Water Cu particle
p (kg/m?) 997.1 8933
u (Pas) 8.9 x 1074 -
cp (J/kg K) 4179 385
k(W/mK) 0.613 401
B (K™ 21x10~* 16.7 X 10~*

Using non-dimensional variables such as X = x/H, Y =
y/H, U=uH/ay, V =vH/az, P=pH?/p,af, and 6 =
(T —T.)/(T, — T,) respectively. The dimensional governing
Eqns. (1-4) are converted as dimensionless one as,
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where,

Rayleigh number, Ra = ((T — T,)BpgH?)/(va1as)
Darcy number, Da = K /H?
Prandtl number, Pr = vf; /g
Non-linear convection parameter, y = (T}, —
ToB/Brt

Hartmann number, Ha = /0, /p,Vv,(BH)
Thermal diffusivity, a,, = k, /(pcp)n

The non-dimensional Eqns. (5-8) supported by no-slip
boundary conditions (U=FV=0) at all the boundaries and
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thermal boundaries of @ = 1 at the left, 6=0 at the right and
06/0Y=0 at bottom and top of cavities with the maximum
length of Xuew=Yma=1 respectively.

Fluid flow, heat flow and heat transfer rate by a hot thermal
boundary at the left wall of the cavity can be visualized by,

- 2y =V _9v
Streamlines, V- = >y " ox
Heatlines, V211 = 2% _ 209)
> )e )¢ (10)
Local Nusselt number, Nu; = — (ﬁ> (ﬁ)
kfl X x=0

Average Nusselt number, Nu = [ Nu, dY

3. NUMERICAL SOLUTIONS

Dimensionless governing Egns. (5-8) can be modulated as
vorticity, stream function based equations and which can be
discretized and solved using finite difference techniques. The
dependency of solutions on varying the number of grids for
Da=10?, Ra=10% ¢=0.02, y=0.5 and Ha=5 are illustrated in
Figure 2. In the present study, a constant spacing grid of
122x122 computational domain is selected. A FORTRAN
coding is designed to solve the governing equations and
achieve the gallery of study visualization (10). Steady-state
solutions are achieved at the required convergent criterion of
running residuals (vorticity/temperature /velocities) below
105,

4.8
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45}

4.45
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Number of grids in X or Y

L L
120 140

Figure 2. Grid independence study

®

Figure 3. Comparison of results by (a). Ghasemi et al. [7]
and (b). Present work



Present work is initiated by validating the results obtained
by designed code in FORTRAN and published work by
Ghasemi et al. [7]. The contours of streamlines and isotherms
are good in comparison as shown in Figure 3.

4. RESULTS AND DISCUSSION

Results and discussion involves the description of steady-
state solutions using streamlines (), isotherms () and
heatlines (/1) contours due to the combined quadratic natural
convection and magnetic field in a porous cavity of square
shaped fill up with the Cu-water nanofluid. The contours are
specifically  taken for the values of Pr(6.2),
Ra(103,10% 105,10°), ¥(0.0,0.5,1.0) Ha(0,5,25,50) and
Da(1075,107%,1073,1072,1071) respectively.

Figure 4 represents the contours of y, § and /7 in the absence
of non-linear convection. The flow contours are given for the
various values of Da at Ra=10, $=0.02 and Ha=5. An increase
in the streamlines flow circulation is found for changing the
Da from 107 to 10", This is due to the effect of buoyancy force
as a variation in permeability caused by changing the Da. The
thermal boundary layer at higher Da causes the streamlines to
more intense and covered with wider circulations. Inner core
clockwise circulations of |,,4x] = —0.65 at lower Darcy
number (Da=107) and |Y,;,4,| = —18 at higher Darcy number
(Da=10"") are observed. Slight parallel temperature contour
against vertical boundary gets inclined and later horizontal

temperature lines are found in the isotherms contour for
increasing the Da as 10, 10* 102 and 10-'. Heatlines
circulations also get stronger for the increase in Da, which
represents the convection dominated effects. At Da=10", the
conduction is more dominated over the convection and for
higher values of Darcy number (Da=10""), convection is more
dominated.

There is an increment in the flow intensities are observed by
incorporating the non-linear convection effects. The contours
for y=0.5 is shown in Figure 5. ymax Values are increased for
all the Da by varying from Da=107 to Da=10". At Da=10",
there is an initiation of separation which is found in the
circulation of the inner core. It is noted that an improvement
in the temperature distribution and heatline circulation for all
values of the Darcy number, which signifies an enhancement
in the convection flow for y=0.5 compared to the absence in
the non-linear convection effects. Further increase of the non-
linear convection parameter to y=1.0, a further augment in the
flow velocities and heatline circulations are noted in Figure 6.
Flow initiated due to the proposed thermal boundary with
heated left wall, causing circular/elliptical shaped clockwise
rotation all over the cavity. The same nature of flow field is
observed for various values of y with improved heat transfer
and circulation intensities. There are two separated
circulations are observed in the center of the streamlines
contour with wmax=-22 for Da=10"! and y=1.0. Also, for larger
value of the non-linear convection parameter at Da=10" the
heatline circulations are improved.

Figure 4. Flow patterns for (a) Da=107, (b) Da=10*, (c) Da=1072, (d) Da=10"! at Ra=10°, $=0.02, Ha=5 and y=0.0
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Figure 5. Flow patterns for (a) Da=107, (b) Da=10*, (¢) Da=107, (d) Da=10" at Ra=10°, $=0.02, Ha=5 and y=0.5
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Figure 6. Flow patterns for (a) Da=107, (b) Da=10", (c) Da=107?, (d) Da=10"" at Ra=10°, $=0.02, Ha=5 and y=1.0
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Contours of w, 6, and II for various values of Ra at
Da=1073, $=0.02, y=0.5 and Ha=5 are shown in Figure 7. The
streamline with lesser circulation intensity, parallel nature of
temperature distribution in isotherms and its orthogonally
oriented heatlines of parallel to adiabatic walls indicates the
clean conduction dominated heat transfer at Ra=10°. Heat
transfer from the left wall to the right wall is clearly
demonstrated using the heatlines. An increased streamlines
intensity and sharp bending of the temperature contour here
indicates the buoyancy-driven effects, which is improved by
increasing the Ra. The development of the thermal boundary
layer and the higher heatlines circulation shows the convection
heat transfer along the cavity. Also in the heatlines contour,
denser lines near the higher temperature wall indicate
convection dominated heat flow regime.

The effect of an applied magnetic field in a porous cavity in
the presence of non-linear convection is illustrated in Figure 8.
The figure shows the contours of streamlines, isotherms and
heatlines for the values of Ra=10%, Da=1073, $=0.02 and y=0.5.
Reduction in streamline circulations as ymax=-14, -12 and -10
is observed in the case of increasing the Ha to 0, 25, and 50.
There is a similar kind of profiles are observed in the
temperature contours for the above values of Ha. It is observed
that the decrease in the intensity of the heatlines circulation
and reduction in denser lines near the left wall of the heatlines
contour by quantifying the Hartmann number, indicates the
reduction of convection heat transfer effects.

Local Nusselt number obtained from the left wall of the
cavity is shown in Figure 9. Nu; is shown for different values
of a non-linear parameter on Ra=10° and Ra=10°at Ra=1073,
Ha=5 and ¢=0.02. Almost similar Nu; is observed throughout
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(d)
Figure 7. Flow patterns for (a) Da=103, (b) Da=10*, (c) Da=10°, (d) Ra=10° at Da=1073, ¢=0.02, Ha=5 and y=0.5

©

the length of the cavity for lower Ra and reduction of Nu; along
the positive direction of the left wall is found in the cavity for
higher Ra. Also, it is observed that, higher heat transfer at the
bottom portion of the left wall. This is also denoted by the
denser lines adjacent to the bottom-left of the isotherms
contour (Figure 7). Reduction of local Nusselt number by
increasing y is found in the upper portion of the left wall and
improvement of the local Nusselt number by increasing y is
found in the lower portion of the left wall at Ra=10°. An
enhancement of the Nu; is observed by increasing the non-
linear convection effect along the entire length of the left wall
for higher Rayleigh number, Ra=10°. This signifies the
variation of the non-linear convection parameter has a minor
effect on the lower Ra.

The average Nusselt number for various values of Da, y, Ra
for $=0.02 and Ha=5 is shown in Figure 10. Nu increases for
an increase in the Da and y. Also, Nu increases for an increase
in the Ra. It is noted that lesser differences in the Nusselt
number for various values of y at lower Darcy number (Da=10
5) on Ra=10° and at lower Rayleigh number (Ra=10°%) on
Da=1073. The variation of an average Nusselt number over
various values of ¢ and Ha on considering the non-linear
convection effects are illustrated in Figure 11. As before, Nu
increases as the values of y increases. A small rise in Nu is
noted as the solid volume fraction of the nanoparticles
increases, due to an improvement in the thermal conductivity
of the nanofluid. The reduction of heat transfer is obtained
with an increase in the values of Ha. The applied magnetic
field acts in order to oppose the convective effect and causing
the reduction in Nu.



(a) (b) (©)
Figure 8. Flow patterns for (a) Ha=0, (b) Ha=25, (c) Ha=50 at Ra=10°, Da=1073, $=0.02 and y=0.5
a.Ra = 103 b.Ra = 10°
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a.Ra = 10° b.Da =103

Nu

882

Figure 10. Nu for ¢=0.02 and Ha=5

25



L 4
L 4

7=0.0,0.5,1.0

.
0.02
¢

L
0.01

-
0.03

7=00,05,1.0

L L .
0 25 50

Ha

Figure 11. Nu for Da=10"! and Ra=10°

5. CONCLUSIONS

The current work focuses on the incorporation of non-
linearity effects on natural convection in a square-shaped
porous cavity filled with the Cu-water nanofluid. Furthermore,
the study includes the effects of the applied magnetic field on
the horizontal direction in a porous cavity. The study is carried
out for the various values of dimensionless parameters such as
Da, Ha, y, ¢ and Ra. The study includes the discussion of
results using the heatlines, isotherms and streamlines.

Some of the findings observed in this study are, streamlines
velocity is increased as an increasing function of Ra, Da, y and
a decreasing function of Ha. The heat transfer occurs from the
left boundary to the right boundary in the cavity is clearly
observed by using the heatlines. Additionally, the heatlines
illustrate  the  conduction/convection  heat  transfer
characteristics in the cavity. It is observed that the domination
of convective heat transfer is significant by increasing Ra, Da
and y.

The introduction of non-linear convection behavior by
increasing the value of y leads to an increase in the convection
heat transfer rate. The non-linear convection parameter has a
lesser effect on the lower Rayleigh number and Darcy number.
An improvement in the average Nusselt number is noticed for
the higher values of Ra and Da. The effect of variation in heat
transfer is less for increasing the amount of solid volume
fraction of the nanoparticles. Finally, damping in the flow field
and convection heat transfer is noticed with the augment in the
applied magnetic field.
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