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Abstract—Natural convection in an F-shaped cavity containing Ag-water non-Newtonian nanofluid (NF) saturated
with a porous medium was investigated numerically. The left wall of the cavity was maintained at a constant hot tem-
perature and subjected to a horizontal periodic magnetic field. The right wall was maintained at a constant cold tem-
perature. Both the top and bottom walls of the cavity were kept thermally insulated. In the present work, the Hartmann
number varied as (0<Ha<60), the power law index varied as (0.6<n<1.4), the periodic shape parameter varied as
(0.1<4<1), the Rayleigh number varied as (10°<Ra<10°), the aspect ratio of the cavity varied as (0.1<AR<0.4), the
Darcy number varied as (10°<Da<10"") and the solid volume fraction varied as (0<@<0.06). It was found that the
average Nusselt number (Nu) increases by increasing the (¢, Da and Ra), whereas it decreases when (n) and (Ha)
increase. Furthermore, it was realized that the relationship between the (Nu) and (4) exhibits a different behavior

depending on the considered values of (Ra) and (n).
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INTRODUCTION

Most common coolants, such as ethylene glycol, oil and water,
suffer from low thermal conductivity and, in consequence, their
utilization in the heat transfer systems is not efficient enough to
improve their performance [1-3]. This challenge can be solved by
adding some solid nano-sized particles to these fluids. The suspen-
sion of the solid nanoparticle in the base fluid is called nanofluid
(NF). These smart fluids are capable of augmenting the performance
of heat transfer systems through their high thermal conductivity
[4-6]. After the introduction of (NF), many researchers have stud-
ied their performance in various systems and reported the high
potential of these modern coolants to replace common ones [7-11].
Another method suggested to improve the effectiveness of thermal
equipment is the use of porous materials that have high thermal
conductivity and exhibit a significant increase in the heat exchange
surface area [12-15]. On the other hand, a magnetic field can be
employed efficiently to control convective heat transfer inside the
cavities. There are many practical applications of MHD natural con-
vection, such as crystal growth in liquids, fire research, metallurgy
and astrophysics [16,17].

Nowadays, naturally cooled irregular cavities have many uses in
engineering and industry, such as air conditioning, thermal design
of buildings, solar collectors, and cooling of electronic circuit boards.
Many researchers have investigated this problem in these cavities
such as L-shaped [18-21], inversed L-shaped [22], C-shaped [23-
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25], T-shaped [26,27], inversed T-shaped [28], -shaped [29], U-
shaped [30], V-shaped [31], F-shaped [32], parabolic [33] and par-
allelogrammical [34]. The cooling performance of non-Newtonian
(NFs) within naturally cooled cavities has been investigated by many
researchers. Kefayati [35] employed the Lattice-Boltzmann tech-
nique to simulate the natural convection of non-Newtonian Cu-
water (NF) in an enclosure. The impacts of (a, ¢ and n) were inves-
tigated. They highlighted the growth of heat transfer by boosting
(n) and decreasing both (Ra) and (¢). Kefayati [36] numerically
evaluated the effect of porous medium on the performance of a
square cavity containing non-Newtonian aqueous Cu (NF). It was
concluded that the increase of (¢, Ra and Da) entailed an intensi-
fication in (Nu). The impact of the external horizontal magnetic
field on the hydro-thermal features of non-Newtonian Cu-water
(NF) inside a naturally cooled cavity was evaluated by Kefayati [37].
The reduction of (Nu) by boosting (Ha) and (n) was reported.
Wang et al. [38] numerically assessed the double-diftusive natural
convection of non-Newtonian Cu-water (NF) in a rectangular cav-
ity It was depicted that (Nu) increased with the increment of (¢)
and the decrement of (n). The effect of the magnetic field on the
natural convection of non-Newtonian Cu-water (NF) in a rectangu-
lar cavity was determined by Wang et al. [39]. It was observed that
(Nu) decreased with intensifying (n) and (Ha). Kefayati and Che
Sidik [40] used the Lattice-Boltzmann technique to analyze the per-
formance features of a naturally cooled square cavity containing
non-Newtonian (NF). The effects of (n), cavity inclination angle
and (Ra) were studied. They concluded that the increase of (n),
cavity inclination angle and (Ra) exhibited an increment in (Nu).
Raizah et al. [41] numerically simulated the unsteady natural con-
vection of non-Newtonian Cu-water (NF) within an angled porous
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open shallow enclosure. They concluded that (Nu) decreased by
boosting (n), while it increased by boosting (Ra). The performance
features of a naturally cooled cavity containing non-Newtonian Ag-
water (NF) saturated with a porous medium were numerically
investigated by Al-Amir et al. [42]. It was observed that the (Nu)
increased with increasing (Da) and decreasing (n). Jabbar et al.
[43] numerically investigated the impact of a sinusoidal interface
wall on the performance features of a square enclosure containing
non-Newtonian Ag-water (NF) saturated with a porous medium.
They deduced that the (Nu) increased with the increase of (n).
Very recently, Wang et al. [44] numerically assessed the impact of
variable properties of shear thinning Al,O,-water (NF) on the per-
formance of a naturally cooled enclosure. They deduced that (Nu)
decreased with increasing (n). While the problem of the natural
convection in irregular cavities containing a non-Newtonian (NF)
was investigated by a second set of researchers. Alsabery et al. [45]
numerically considered the visualization of heat lines for the natu-
ral convection of four non-Newtonian (NFs) in a trapezoidal porous
cavity. The evaluated (NFs) were TiO,-water, Al,O;-water, Cu-water,
and Ag-water. They concluded that the highest (Nu) belonged to
Ag-water (NF). The unsteady natural convection in a trapezoidal
cavity containing a non-Newtonian (NF) was analyzed by Alsabery
et al. [46]. Four types of nanoparticles were used (TiO,, ALO;, Cu
and Ag), while the water was utilized as a base fluid. They real-
ized that the increase of (¢) and sidewall inclination angle entailed
an intensification in (Nu). Hatami [47] numerically explored natu-
ral convection in a square cavity containing non-Newtonian aque-
ous magnetite (NF) under the influence of a magnetic field with
different inclination angles. He realized that the (Nu) decreased by
increasing (Ha). Very recently, Acharya and Dash [48] numeri-
cally investigated MHD natural convection in a square wavy cavity
containing non-Newtonian CuO-water (NF). They concluded that
the non-Newtonian aspect of (NF) entailed (15%) increase in the
(Nu). Other useful references can be found in Refs. [49,50].

Researchers have used both laboratory and numerical methods
in the field of nanofluids to conduct their research [51-55]. Some
researchers have used numerical methods for their studies due to
their lower cost and speed [55-60]. In contrast, other researchers
have used the laboratory method due to its high accuracy [61-65].
Many researchers in recent years have used nanofluids and pointed
out its importance [66-70]. According to our best knowledge in
this field and depending upon the above literature review; it can be
mentioned that natural convection in F-shaped cavity containing
Ag-water non-Newtonian (NF) saturated with a porous medium
and subjected to a horizontal periodic magnetic field was not con-
sidered in any paper to date. Therefore, the aim of this contribu-
tion is to assess this problem in detail.

PHYSICAL MODEL DESCRIPTION AND
GOVERNING EQUATIONS

Fig. 1 displays the geometry and imposed boundary conditions
of the considered problem in the current assessment. It is seen that
the studied geometry is a two-dimensional F-shaped cavity filled
with an NF-saturated porous medium. The left and right walls of
cavity are kept at a constant temperature (T, and T,<T), respectively),
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Fig. 1. Schematic diagram of the present problem.

while both the top and bottom walls are insulated. A periodic mag-
netic field with amplitude of (B,) and wave length of (1) (ﬁz

ﬁosin(%x)) is applied to the left straight wall of the cavity. No-slip

boundary condition on solid walls is used (i=v=0). The employed
(NF) is the non-Newtonian shear thinning Ag-water (NF).
1. Governing Formulas

Several models have been presented in the literature to deter-
mine the hydro-thermal aspects of fluid flow inside a porous me-
dium, including Darcy, Darcy-Brinkman and Darcy-Forchheimer
models [71]. Among these, the Darcy-Brinkman model has received
more attention due to the inclusion of drag force of solid phase in
the equation of momentum. In the present study, considering the
following assumptions, this method has been used to perform nu-
merical tasks.

o The flow is laminar, incompressible, and steady.

o Apart from density, other properties of (NF) are constant. The
Boussinesq approximation is employed to determine the vari-
ation of density with temperature.

o Thermal equilibrium is considered between water and nano-
particles as well as between porous medium and (NF).

o The porous medium is considered isotropic.

« Viscous dissipation and radiation effects are negligible.

The considered governing formulas in the current work are the

conservation of mass, momentum, and energy, respectively [72]:
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To transform Egs. (1)-(4) from dimensional form to dimen-
sionless form to progress the numerical solution, the next dimen-
sionless parameters must be defined [36]:

3
G= C,Ra:pbfﬁbng (Th_Tc)) Pr— Hif Da=

T,-T, HipfCyf Poff L

Ha=LB F )
Hof

The dimensionless forms of the governing formulas are as follows:
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Concerning the case study specification and dimensionless vari-
ables, the boundary conditions of the present work are specified as
follows:

6=1; U=V =0; X=0; 0<Y<1; Left side wall (10a)
6=0; U=V =0; X=1; 0<Y<1; Right side wall (10b)
00
5=0 U=V=0; Y=1; 0<X<1; Top wall (10¢)
00
5=0 U=V=0; Y=0; 0<X<1; Bottom wall (10d)

The thermo-physical aspects of silver-water (NF) are computed
from the following formulas [36]:

Pra=1= Q)P+ 0Py, (11)
%y =Kol (PC)) 14 (12)
(0Cp) o= (1= P)(C,)+ P(0C,),, (13)
(PP na= 1= D) PP+ PPP)so (14)

Table 1. Thermo-physical properties of water and silver nanoparti-

cles [32]
Property Water Silver nanoparticle
p (kg/m’) 997.1 1,050
C, (/kg K) 4,179 235
k (W/m-K) 0.613 429
Bx10° (1/K) 21 5.9
o (S/m) 0.05 6.3x1077
%%
(g-1)e
Ona Op
? =1+ (15)
bf 50 [ Zso
)&
kna _ (1_ (/))(ksu+2kbf)+3¢k:a (16)
ke (1= @) (kg +2ky) +3 0k,
D e (17)
(1-9)
where
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The thermo-physical properties of water and sliver nanoparticles
are reported in Table 1.

The rheological behavior of fluids is a function of (n) so that if
=1, n>1 and n<1, the fluid is Newtonian, non-Newtonian shear-
thinning and non-Newtonian shear thickening, respectively.

In the present study, the stream function is used to represent the

velocity components. The relationship between the stream func-
tion and the velocity components is as follows:

- Q¥ . BW

U=y V=ax (19)
ou oV

Vz%ﬁ_& (20)

The rate of heat transfer is calculated by using the local and mean
(Nu) of the left hot wall, which are computed as follows:

y
_(_99 21
Ny, ( X o 21)
m—f Nu,dy 22)

NUMERICAL METHOD AND VERIFICATION

The system of governing equations exposed to the above-men-
tioned boundary conditions is solved employing Galerkin-finite
element technique. In this technique, weighted residual method is
employed to transform the non-linear partial differential equa-
tions into linear system of equations [71]. Fig. 2 represents the mesh-
ing of the computational domain employed in the current assess-
ment. Given that the present work is a numerical study; it is neces-
sary to determine the appropriate number of nodes, because the

Korean J. Chem. Eng.(Vol. 39, No. 4)
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Fig. 2. Mesh distribution of the computational domain.

Table 2. Grid independent test for average Nussult number and (| #],,,) on hot surface at (Ra=10°% 1=0.5, »=0.04, Ha=30, Da=0.001,
AR=0.2 and n=0.6)

Nu..—N oo

Grid size Nu R T 1) Az Foim Pl 0

Nu,,; b j
100x 100 11.547 0.848 0.02214 0.585
150x 150 11.621 0.206 0.02224 0.134
200%200 11.645 - 0.02227 -
250%250 11.654 0.077 0.02229 0.0897
300x300 11.659 0.042 0.02230 0.134

Isotherms Streamlines

present study Kefayati [36] present study Kefayati [36]

Da=0.1

Da=0.001

Fig. 3. Isotherms (left) and streamlines (right) comparison between the present study ((black lines =0), (grey lines ¢=0.04)) and Kefayati
[36] (base fluid (—) (=0) and nanofluids (---) (=0.04)) for various (Da) at (n=0.6 and Ra=10).

results should not change with changing the number of nodes. To 2. For the validation, the (Nu) and (| #/,...) on the hot surface at
this end, five different grids were prepared and simulations were (Ra=10°, 1=0.5, »=0.04, Ha=30, Da=0.001, AR=0.2 and n=0.6)
performed using them. The results of validation are shown in Table were utilized. The findings illustrate that the grid size of 200x200

April, 2022
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is suitable to conduct the simulations. Another important issue in
the numerical research is validation. In this work, the findings of
our home-made code were compared with the numerical find-
ings of Kefayati [36] for natural convective heat transfer of non-
Newtonian (NFs) in a porous square cavity. The comparison results
are considered for both streamlines and isotherms as shown in

AR=0.1

Fig. 3. This comparison shows very good agreement between the
two results and, therefore, our code is valid.

RESULTS AND DISCUSSION

This work is devoted to the numerical investigation of the natu-
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Fig. 5. Isotherm contours for various values of (Da and AR) at (Ra=10° n=0.8, ¢»=0.04, Ha=30 and 1=0.5).
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ral convection of non-Newtonian Ag-water (NF) inside an F-shaped
cavity in the presence of a periodic magnetic field. The effects of
Ha (0-60), n (0.6-14), 1 (0.1-1), Ra (10’-10°), AR (0.1-0.4), Da
(10°-107") and ¢ (0-0.06) on the outcomes were investigated.
1. Effects of AR and Da

The streamline and isotherm contours in terms of (AR) and (Da)
at Ra=10°, n=0.8, ¢=0.04, Ha=30 and A=0.5 are, respectively; illus-
trated in Figs. 4 and 5. The flow field is initiated inside the F-shaped
cavity next to the hot left wall and moves towards the adiabatic
top wall. Physically, the fluid next to the hot left wall heats up and,
as a result, expands upward. After that, it cools by passing next to
the cold right wall before it reaches the adiabatic bottom wall. Due
to this cooling, the fluid begins to compress and moves down-
ward. This cyclic motion of the flow entails the formation of vorti-
ces. The formation of flow vortices is caused by the temperature
difference between cold and hot sidewalls. Fig. 4 depicts that for all
the considered (Da), the values of the stream function decrease by
increasing (AR). This behavior can be seen for all considered val-

ues of the Darcy number. For example, at (Da=10"") the stream
function decreases from (0.02033) at (AR=0.1) to (0.01526) at
(AR=0.4). Therefore, it can be concluded that the flow circulation
strength decreases with the increase of (AR). This is due to the
increment of internal cold rib inside the cavity by boosting the
(AR), which entails the restriction of motion of the flow vortices,
and as a result, the flow circulation begins to decline. Also, Fig. 4
shows that the size of flow vortices decreases as the (AR) increases.
In addition, the pattern of vortices changes markedly with increas-
ing (AR). Since, they switch their horizontal pattern for low (AR)
to the vertical one for high (AR). Besides, Fig. 4 shows that the
stream function values decline as the (Da) decreases from (107"
to (107). For example, at (AR=0.1), the stream function declines
from (0.02033) at (Da=10"") to (0.01818) at (Da=10"). The increase
in the Darcy number entails an increase in the permeability of
porous medium and reduces its resistance to the flow field. There-
fore, the vortices move faster inside the cavity and, as a result, the
stream function value increases. Fig. 5 demonstrates the effect of
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Fig, 6. Streamline contours for various values of (Ra and AR) at (Da=10 ", n=0.6, ¢=0.04, Ha=30 and 1=0.5).
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(AR) and (Da) on the isotherm contours. It is observed that, at
(AR=0.1), the isotherms are distributed freely through the cavity.
This helps them to transfer more energy between the hot and cold
fluids and makes convective heat transfer faster. But at (AR=0.4), a
clear restriction in the heat transfer zone is seen. In this case, the
effect of natural convection between the hot and cold sidewalls
decreases significantly. This can originate from the stagnant zones
in the cold rib region of the right sidewall, which weakens the flow
circulation. Therefore, the isotherms seem to be symmetric and
uniform, especially in the middle of the cavity, which indicates that
conduction is the dominant heat transfer mechanism. Moreover, it
is clear that at low values of (Da) (i.e, Da=10""), the isotherms are
concentrated next to the hot and cold sidewalls. So, they leave
these regions and move further to another region in the cavity.
This is due to the strong flow circulation and the steep tempera-
ture gradient between the sidewalls, which makes the isotherms
more confused especially in the middle of cavity. Therefore, con-
vective heat transfer is dominant when (Da) is high. But, as (Da)

1e74

decreases to (107°), the isotherms become more uniform and lin-
ear, especially in the middle of the cavity. In this case, the tempera-
ture distribution becomes similar to that noticed for a stationary
fluid and the heat transfer inside the cavity occurs by conduction.
2. Effects of Ra and AR

The streamline and isotherm contours in terms of (Ra) and (AR)
at Da=10"", n=0.6, ¢=0.04, Ha=30 and A=0.5 are, respectively; illus-
trated in Figs. 6 and 7. For all the studied cases, the increase of (Ra)
entails an intensification in the stream function values. The results
show that at (Ra=10°), the flow circulation is very weak and the
pattern of the rotating vortices is symmetrical and uniform, espe-
cially in the cavity core. But, at (Ra=10°), the stream function values
increase and the shape of rotating vortices becomes asymmetric.
As (Ra) increases, the buoyancy force and, therefore, the flow cir-
culation strength intensifies. Fig. 6 depicts that the values of stream
function decrease with increasing (AR). For example, at (Ra=10°),
the stream function values decline from (0.02420) at (AR=0.1) to
(0.004557) at (AR=04).

077 033

AR=0.3 | °¥
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Fig. 7. Isotherm contours for various values of (Ra and AR) at (Da=10 ", n=0.6, ¢=0.04, Ha=30 and 1=0.5).

Korean J. Chem. Eng.(Vol. 39, No. 4)



894 A. K. Hussein et al.

Fig. 7 demonstrates that at (a=10’), the isotherm lines are sym-
metrical and parallel to the cavity sidewalls. This is due to the weak
buoyancy force, which makes conduction the main mechanism of
heat transfer. Whereas, at (Ra=10°), convection is dominant instead
of the conduction. This can be evident from the strong distortion
of the isotherm lines at (Ra=10°) compared with their pattern at

(Ra=10%). Also, at (Ra=10"), an intense accumulation of the iso-
therm lines near the hot left sidewall of the cavity can be seen,
which originated as a result of the high temperature gradient in
this region. Moreover, Fig. 7 reveals that the isotherm lines are
clearly influenced by boosting (AR). They changed their pattern
from curved and confused shape, especially at (Ra=10°) when the

n=1 n=1.4

Fig. 8. Streamline contours for various values of (n and ) at (Da=10"°, Ra=10°, ¢=0.04, Ha=30 and AR=0.2).

April, 2022



Natural convection in F-shaped cavity 895

(AR) is low (i.e., AR=0.1) to a parallel and uniform pattern when 3. Effects of n and 1

(AR) is high (ie., AR=0.4). Therefore, the increase of (AR) entails The streamline and isotherm contours in terms of (n) and (1)
the change of main mechanism of heat transfer from convection at (Da=10"", Ra=10°, ¢=0.04, Ha=30 and AR=0.2) are, respec-
to conduction. tively, displayed in Figs. 8 and 9. It is evident that for all the stud-

n=1 nfl.4

377 om .
ﬁ on
‘ 062
2 0%

oe

7

Fig. 9. Isotherm contours for various values of (n and 1) at (Da=10", Ra=10°, ¢=0.04, Ha=30 and AR=0.2).
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ied values of (1), the stream function values decrease by increasing
(n). For instance, at (1=0.25), the stream function value goes from
(0.020244) at (n=0.6) to (0.015677) at (n=1.4). The increment of
(n) entails an increase in the (NF) viscosity, which causes a rise in
the stream function values. On the other hand, due to the increased
viscosity of (NF), the rotation of the (NF) is significantly attenu-
ated. Fig. 8 also shows that the flow field pattern is affected signifi-
cantly by boosting (1). At low (4, i.e 1=0.1), the effect of the per-
iodicity of the magnetic field on the flow field is very small and, as
a result, the flow field is similar to the uniform magnetic field state
(e, A=0). At (4=0.1), the Lorentz force component along the y-
axis is much more efficient than its other components. This causes
a dlear confusion in the streamline pattern, especially in the cavity
core. With the increase of (1) from (0 to 0.25 and 0.5), the mag-
netic field begins to be periodic and an intensification in the stream
function value can be seen compared with the case of (1=0.1). For
instance, at (n=0.6), the stream function value increases from
(0.01998) at (4=0.1) to (0.022277) at (4=0.5). This increase is due
to the decrease of Lorentz force gradient along the y-axis, which
weakens the magnetic field effect and, consequently;, augments the
flow circulation strength. Therefore, the streamlines switch their pat-
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tern from confused curved shape at (4=0.1) to a straight uniform
shape at (1=0.5). Moreover, the increase in (1) changes the direc-
tion of the rotating vortices core from the vertical at (4=0.1) to
horizontal at (1=0.25 and 0.5). This leads to clearly squeezing the
streamlines next to the hot left sidewall. But further increase in the
Ao (0.75 and 1) entails a decline in the stream function values. For
example, at (n=0.6), the stream function value goes from (0.021433)
at (1=0.75) to (0.019159) at (A=1). Therefore, Fig. 8 depicts that as
the (1) value increases, the flow circulation strength first dimin-
ishes and then increases. Fig. 9 shows that, as the (n) increases,
there are small changes in the isotherm contours. The only point
which can be mentioned here is that the strength of isotherms
next to the hot left sidewall begins to drop with boosting the (n).
On the other hand, it is seen that when (A) is low, the isotherms
are uniform and parallel to the top and bottom walls of cavity.
This is due to the effect of the magnetic field, which is similar to a
uniform magnetic field state. In this case, the conduction heat trans-
fer is dominant. Now, when (1) increases to (1=0.25 and 0.5), the
isotherms begin to deviate, especially in the center of the cavity.
They become more curved and more condensed to each other.
Since, in this case, the magnetic field effect begins to decrease and,
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Fig. 10. The changes of (Nu) in terms of (Da, n and AR) at (Ra=10°, ¢=0.04, Ha=30 and 1=0.5).
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consequently, convective heat transfer is dominant. For further in-
crease in the (A) values to (0.75 and 1), the isotherm pattern returns
again to its uniform and parallel state. The is because of the inten-
sification of the magnetic field and, in consequence, the conduc-
tion heat transfer repeats its dominance again over the convection
mechanism.
4. Average Nu

Fig. 10 illustrates the changes of (Nu) along the hot wall versus
(Da), (n) and (AR) at (Ra=10° ¢=0.04, Ha=30 and A=0.5). As is
seen, the (Nu) increases by boosting the (Da). Boosting the (Da)
from (10 to 10™") exhibits an increment in the permeability of the
porous medium, which leads to improved convective heat trans-
fer and (Nu) within the cavity. In addition, (Nu) reaches its maxi-
mum value at (AR=0.2), which is due to the optimal distance
between the cold and hot walls of the cavity at this (AR). Fig. 10
demonstrates that (Nu) decreases by increasing (n), which is be-
cause of the increment of (NF) viscosity and thermal boundary
layer thickness. In consequence, it can be claimed that the rate of
heat transfer for shear-thickening (NFs) (n>1) is lower than the
shear-thinning (n<1) and Newtonian (n=1) (NFs).

The change of (Nu) against (n) in terms of (¢ and AR) at (Ra=

1 1 1
70.6 0.8

1 1.2 14
Power Law Index (n)

(a) AR=0.1

7 1 1 1
0.6 08 1 1.2 14
Power Law Index (n)

(c) AR=0.3

10°, Da=0.001, Ha=30, and 1=0.5) is illustrated in Fig. 11. (Nu)
increases by increasing (¢), which is because of the intensification
of the (NF) thermal conductivity. Therefore, it can be said that the
non-Newtonian silver-water (NF) is a better coolant than the pure
water, especially at high (¢, ie., ¢=0.06). Moreover, it is observed
that the highest (Nu) can be found at (AR=0.2). Furthermore, it
can be noted from Fig. 11 that the (Nu) decreases as (n) increases.
So, the highest (Nu) occurs at (¢=0.06 and n=0.6).

Fig. 12 displays the changes of (Nu) in terms of (Ha) and (AR)
at (Ra=10°, »=0.04, Da=0.001 and 1=0.5). According to the find-
ings, the increase of (Ha) entails a decline in (Nu). The implemen-
tation of a magnetic field leads to the application of Lorentz force
to the fluid, which opposes the rotation of the fluid and boosts
(Ha). This leads to the amplification of this force and, therefore,
further reduction of the rotational motion of the flow; which reduces
(Nu). Therefore, it can be concluded that the natural convection
phenomena inside the F-cavity can be controlled and depressed
efficiently by using a magnetic field. As mentioned, it can be ob-
served also that the peak value of (Nu) corresponds to (AR=0.2).
Moreover, Fig. 12 shows that (Nu) decreases as (n) increases. There-
fore, (Nu) reaches its peak value at (Ha=0 and n=0.6). Fig. 13 illus-

1 1 1
xi!.b 0.8 1 1.2 14
Power Law Index (n)

(b) AR=0.2

7 1 1 1
0.6 0.8 1 1.2 14
Power Low Index (n)

(d) AR=0.4

Fig. 11. The changes of (Nu) in terms of (n, @ and AR) at (Ra=10° Da=0.001, Ha=30 and 1=0.5).
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AR=0.1

Ha=0
Ha=30
12r Ha=60

= 10
7.
9=
S+
¢ 1 1 1
0.6 0.8 1 1.2 14
Power Law Index (n)
12,5
AR0.3
12F Ha=0
nsk Ha=30
- Ha=60

7 1 1 1

0.6 0.8 14

1 1.2
Power Law Index (n)

AR=0.2
Ha=0
Ha=30
Ha=60

1 1 1

0.6 0.8 1 1.2 14
Power Law Index (n)

1 1 1
.‘J.é 0.8

1 1.2
Power Law Index (n)

Fig. 12. The changes of (Nu) in terms of (Ha, n and AR) at (Ra=10°, ¢=0.04, Da=0.001 and 1=0.5).

trates (Nu) versus (4, n and Ra) at (AR=0.2, Da=0.001, ¢=0.04
and Ha=30). It is seen that (Nu) increases with the increase of
(Ra). This can be related to the increase in the strength of vortices
by boosting the buoyancy force. Improving (Ra) enhances the
motion of the fluid and, therefore, intensifies the temperature gra-
dient in the vicinity of the hot left sidewall, which results in an
increase in the convection coefficient and, consequently, in (Nu).
Besides, it is observed that (Nu) begins to augment linearly at
(4=0). This boosting trend continues until (1) reaches (0.1). After
that, the relationship between (Nu) and (1) exhibits a different behav-
ior depending on the considered (Ra). At (Ra= 10%), (Nu) increases
by increasing (1) for both the case of (n>1 and n<1) until it
reaches (1=0.75) and then begins to decline. While for the Newto-
nian (NE ie, n=1), it increases until (1) reaches (0.5) and then
decreases until (1=0.75). After that, it rises again to (A=1). At
(Ra=10" and 10°), (Nu) rises linearly with the growth of (1) until
(A4=0.1). After that, it decreases for all the considered values of (n).
The only difference which can be noted is that the gap between
the variations is increased at (Ra=10°) compared with their corre-
sponding variations at (Ra=10").

CONCLUSIONS
The goal of this numerical investigation was to analyze a natu-

April, 2022

rally cooled F-shaped cavity containing aqueous Ag non-Newto-
nian (NF) saturated with a porous medium and subjected to a
horizontal periodic magnetic field. The effects of (Ha, n, 4, Ra,
AR, Da and ¢) on the findings were evaluated. The following con-
clusions can be drawn from the results:

o The strength of the flow circulation decreases by boosting the
(n) and (AR), whereas it increases by boosting (Da) and (Ra).

« The convective heat transfer mechanism inside the cavity is
dominant when (Da) and (Ra) are high and (AR) is low.

« The strength of isotherms next to the hot left sidewall begins
to drop with increasing (n).

o The flow field pattern is affected significantly by boosting the
AD.

o The isotherm lines are clearly affected by the variation of (1).
They change their pattern from curved shape to linear. Thus,
convective heat transfer is dominant when (0.25<1<0.5),
whereas conduction is dominant when (0.75<A<1).

o The minimum value of flow circulation strength occurs at
(=1) for all the considered (n) values.

o (Nu) increases when (¢ Da and Ra) increase, whereas it
decreases with the increase of (n) and (Ha).

o The highest value of (Nu) occurs at (AR=0.2).

o The relationship between (Nu) and (1) exhibits a different
behavior depending on the considered values of (Ra) and (n).
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Fig. 13. The changes of (Nu) in terms of (4, n and Ra) at (AR=0.2, Da=0.001, ¢=0.04 and Ha=30).
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NOMENCLATURE
éR :aspect ratio (H/L) [-]
B : magnetic strength [Tesla]
B, :amplitude of magnetic strength [Tesla]
G, : specific heat capacity [k]/kg-K]
Da  :Darcy number [-]
F : coefficient of weight function
g : gravitational acceleration [m/s’]
H : step length [m]

a  :Hartmann number [-]
: Jacobian of residual equation
: thermal conductivity [W/m-K]
: permeability of porous medium [m’]
:length & height of the cavity [m]

R AT T

m : total number of nodes [-]

N : consistency coefficient [kg/m-s]

n : power-law index [-]

P : dimensionless pressure [-]

P : pressure [Pa]

Pr : Prandtl number [-]

Ra  :Rayleigh number [-]

T : temperature [K]

Ny, :local Nusselt number [-]

Nu,, :average Nusselt number [-]

U : Dimensionless x-direction velocity component [-]
u : x-direction velocity component [m/s]

\4 : dimensionless y-direction velocity component [-]
v : y-direction velocity component [m/s]

X,Y :dimensionless coordinate [-]

X,y  :cartesian coordinates [m]

Greek Symbols

o : thermal diffusivity [m®/s]

0 : dimensionless temperature [-]

A : period number

899
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vd : dimensionless stream function

H : dynamic viscosity [kg/m-s]

o : electrical conductivity [S/m]

v : kinematic viscosity (v= % ) [m?/s]
Q : nanoparticle volume fraction [%]
T : shear stress tensor

(%) : basic function

g : thermal expansion coefficient [1/K]
e : density [kg/m’]

Subscripts

C :cold

bf : base fluid (pure)
sp : solid particle

na : nanofluid

so : conductive solid cylinder
h :hot

Abbreviations

Cond. :Conduction
Conv. :Convection
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