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ABSTRACT

Inspired by the applications in electromagnetic nanomaterials processing in enclosures and hybrid fuel cell technologies, a mathematical
model is presented to analyze the mixed convective flow of electrically conducting nanofluids (y-Al,O; — H,O and y-Al,O3 — C,HeO3)
inside a square enclosure saturated with porous medium under an inclined magnetic field. The Tiwari-Das model, along with the viscosity,
thermal conductivity, and effective Prandtl number correlations, is considered in this study. The impacts of Joule heating, viscous
dissipation, and internal heat absorption/generation are taken into consideration. Strongly nonlinear conservation equations, which govern
the heat transfer and momentum inside the cavity with associated initial and boundary conditions, are rendered dimensionless with
appropriate transformations. The marker-and-cell technique is deployed to solve the non-dimensional initial-boundary value problem.
Validations with a previous study are included. A detailed parametric study is carried out to evaluate the influences of the emerging parame-
ters on the transport phenomena. When 5% 7-Al, O3 nanoparticles are suspended into H,O base-fluid, the average heat transfer rate of y-
Al O3 — H,O nanoliquid is increased by 25.63% compared with the case where nanoparticles are absent. When 5% y-Al,O3; nanoparticles
are suspended into C;HsO, base-fluid, the average heat transfer rate of y-Al,O3 — C,H¢O, nanofluid is increased by 43.20% compared with
the case where nanoparticles are absent. Furthermore, when the heat source is present, the average heat transfer rate of y-Al,O; — C,HsO,
nanofluid is 194.92% higher than that in the case of y-Al,O; — H,O nanofluid.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0095334

I. INTRODUCTION zinc (Zn), copper (Cu), ferric oxide (Fe;O4), magnesium oxide

In 1995, at the Argonne National Laboratory in the United  (MgO), silicon dioxide (SiO,), titanium dioxide (TiO,), etc., are some

States, Choi and Eastman' introduced nanofluids, which constitute examples of widely used nanoparticles, and engine oil (CgHg), water

colloidal suspensions of base-fluids containing metallic/non-metallic/ (H,0), ethylene glycol (C,HgO,), kerosene (C1,Hys — Ci5Hsz ), veg-

carbon-based nanoparticles. Aluminum oxide (AL Os3), silver (Ag), etable oil, etc., are some popular base-fluids. These base-fluids have
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relatively low thermal conductivities compared to the material (solid)
nanoparticle’s thermal conductivity. Nanoparticles can be combined
with base-fluids in different percentages (volume fraction) and as such
nanofluids provide an efficient heat transfer medium. The nanofluids
contain 1-100 nm sized nanoparticles that are evenly and stably dis-
tributed. The inclusion of nanoparticles improves the thermal conduc-
tivity and, therefore, enhances the heat transfer. The nanoliquids are
extensively utilized as preferred fluids in several engineering, indus-
trial, and manufacturing applications, including heat exchangers,
electronic cooling systems, biomedical devices, surface coating, lubri-
cation, environmental remediation, and petroleum recovery.” '

Alumina is an excellent engineering material that is made from
kaolin or bauxite in various phases known as alpha (), beta (f3), and
gamma (}). o-alumina is a white puffy powder that is known as nano-
alumina. It has a lower specific surface area and bears high tempera-
tures. It is inert and has almost no catalytic activity. It is the most
stable form of alumina that is utilized as a ceramic material. Other
transitional alumina phases, such as f-alumina and y-alumina, are
mostly used as catalysts. The unit cell of f-alumina has two alumina
spinel blocks, and it is hexagonal in shape, with a lamellar structure. y-
alumina has high temperature resistance, inert, high specific surface,
excellent dispersion, and high purity, and it is a nano-alumina. y-
alumina is the most widely used nano-powder among the transitional
alumina phases, and it is utilized in catalysis applications owing to its
high surface area and good porosity characteristics. Therefore, many
researchers have considered the y-alumina nano-powder for heat
transfer analysis.'” Moghaieb et al."* performed an experimental anal-
ysis to study the turbulent convective energy transmission of y-
Al,O3 — H,0 nanoliquid in engine cooling systems. Nowrouzi et al”?
carried out an experimental investigation using MgO, TiO,, and
7-Al, O3 nanoparticles in carbonated water for wettability alteration
in carbonate oil reservoirs. They noticed that the contact angle was
reduced very effectively after adding the nanoparticles into carbonated
water. Radwan et al.'® conducted an experimental analysis of turbulent
convective engine cylinder’s head cooling using y-Al, O3 nanoparticles
mixed with distilled water with volume fractions of 1% and observed
that for all distinct nanoparticle sizes, the convective coefficient was
improved. Ganesh et al.'” numerically investigated the heat-generation
effect on the y-Al,O; — H,O nanoliquid flow inside an enclosure
with multiple obstructions of various shapes. They noticed that the
average and local heat transfer rates are increased for increasing the
volume fraction of nanoparticle, and superior energy transmission is
observed in the triangular barriers inside the enclosure.

In mixed convection, both the buoyancy and shear forces play a
substantial role. In general, the buoyancy force enhances the flow and
heat transfer profiles inside a cavity and magnifies the energy trans-
mission rates from the heated surface. The buoyancy-driven force is
prominent in natural convection, and extensive works have been
reported with both non-Newtonian and Newtonian fluids in a variety
of different geometries, including square, rectangular, triangular, and
trapezoidal cavities. The mixed convection is relatively a challenging
phenomenon to investigate. Mixed convection finds applications in
solar collectors, biomedical engineering, ventilation of buildings, aero-
space appliances, thermal exchangers, etc.'® Many applications arise in
energy consumption, and therefore, studies on mixed convective flows
are very important in power systems including fuel cells. For example,
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Abbasian et al.'” numerically investigated the collective shear and
buoyancy force effects on Cu-water nanofluid circulation within an
enclosure with sinusoidally heated vertical walls. They observed that
the decrease in the Richardson number produces higher heat transfer
rates. Ataei-Dadavi et al.” experimentally investigated the mixed con-
vection flow inside a vented cubical cavity filled with large solid low-
conductivity spheres. They noticed that when the Richardson number
is less than 10, the heat transfer rate and flow structure scaling are the
same as pure forced convection. Ishak et al*' applied the finite ele-
ment technique to explore the features of mixed convective
Al,O;-water nanofluid flow within an enclosure of trapezoidal shape
with a solid cylinder, observing that an increment in the Reynolds
number and Richardson number enhances the heat transfer rate.
Shahid et al”* numerically investigated the mixed convection flow
inside a lid-driven cavity and disclosed that for smaller values of the
Richardson number, the forced convection dominates and the shear
forces due to lid movement have a superior impact.

Convective flows in porous media feature prominently in several
technological areas, including high-performance insulation for build-
ings, combustion in porous substrates, chemical catalysis reactors,
poro-elastic transport in cartilage, packed-bed energy storage system,
geo-hydrology, hybrid fuel cells, percolating hydrocarbons, geothermal
reservoirs, and transdermal drug delivery.””* Javed et al.”® numeri-
cally scrutinized the energy transmission and natural convective flow
within copper-water nanofluid-filled porous trapezoidal cavities. They
noticed that as the Darcy number is increased, the strength of stream-
lines circulations is intensified and the isotherms are significantly
modified. Durairaj et al.”” used a Crank-Nicolson technique to analyze
the Casson fluid flow over different geometries saturated with a non-
Darcy porous medium, observing that velocity profiles decrease with
an increment in the Forchheimer number. Khan et al.”® numerically
scrutinized the impact of the mixed convective flow inside a porous
cavity of the square shape, showing that heat transfer improves with
the higher Darcy number (larger medium permeability) for large val-
ues of the Grashof number. Raju et al.”’ numerically investigated the
Marangoni convective nanofluid flow in a porous medium by adopt-
ing the Runge-Kutta method and shooting technique, noting that
increasing porosity parameter accelerates the flow.

Magnetohydrodynamics (MHD) comprises the interaction of
electrically conducting fluids and applied magnetic fields. The trans-
port characteristics of electrically conducting fluids can be non-
intrusively manipulated by an external magnetic field. Magnetic nano-
fluids constitute an important subset of nanomaterials and enable
electrically conducting nanofluids with magnetic nanoparticles to be
controlled via Hartmann magnetic body force. Heat transfer and fluid
flow behavior can, therefore, be modified in such fluids with either
static or alternating magnetic fields. A substantial number of investiga-
tions on convective flows with magnetic field effect have been reported
due to emerging applications in magnetic material processing, crystal
growth processes, biomagnetic fluid dynamics, electromagnetic sen-
sors, fuel cells, and electromagnetic pumps.”” Reddy and Panda’’
numerically analyzed the MHD natural convective flow and energy
transmission in Al,Os;-water nanoliquid within a porous wavy-
shaped trapezoidal cavity with differentially heated sidewalls, observ-
ing a significant enhancement in heat transfer characteristics for
amplifying the impact of the magnetic field. Javaherdeh et al.”” applied
the finite difference technique to analyze the free convective MHD
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nanofluid flow of copper oxide-water inside a wavy cavity and noticed
that velocity of the fluid diminishes for enhancing the values of the
Hartmann number. Pordanjani et al.”” numerically studied the con-
vective energy transmission in alumina-water nanoliquid transport
within a square cavity with an external magnetic field. They exhibited
that the rate of heat transfer and fluid velocity are reduced with a
stronger magnetic field. They further detected that the Nusselt number
and temperature profiles are elevated by increasing magnetic field
inclination from 0° to 45°. Mansour et al.”* presented the finite vol-
ume method based numerical simulations to examine the nanofluid
flow of copper-water inside a C-shaped cavity with an inclined mag-
netic field effect. They observed that amplifications in the Hartmann
number (magnetic body force parameter) values diminish the flow of
the nanoliquid. Revnic et al”” numerically scrutinized the inclined
magnetic field effect on the Al,03; — Cu — water hybrid nanoliquid
convection flow within an enclosure, noting that an increment in the
magnetic force declines heat transfer. Al-Farhany et al.”® numerically
investigated the Al,Os; — water nanofluid natural convective flow
within an enclosure with an inclined magnetic field. They observed
that by increasing the Hartmann number values, the average Nusselt
number is reduced owing to suppression of the thermal buoyancy
force and convective energy transmission with stronger magnetic field.

Internal heat absorption/generation occurs in several thermal
engineering processes. Mahmoudi et al”’ applied the Ilattice
Boltzmann method to investigate the energy transmission perfor-
mance of Al,O; — water nanoliquid inside an open enclosure with
absorption or generation of heat subject to non-uniform thermal
boundary conditions. They inferred that the rate of heat transfer is
increased for amplifying the heat generation. Benazir et al.”® numeri-
cally investigated the Casson fluid flow over different geometries with
a non-uniform heat sink/source using the finite difference technique.
They noticed that the heat transfer is considerably modified by the sur-
face dependent heat sink or source parameter. Rashad et al.”” numeri-
cally investigated the influence of heat absorption or generation on the
copper-water nanoliquid flow within a trapezoidal cavity under an
inclined magnetic field using a SIMPLE algorithm and inferred that
the rate of heat transfer is augmented strongly with heat absorption,
whereas it is suppressed with heat generation. Rashad et al.*” numeri-
cally scrutinized the MHD mixed convective nanofluid flow in a U-
shaped lid-driven cavity with partial slip discrete heating by employing
the finite volume procedure. They encountered that heat transfer
decreases for all values of heat source/sink parameter while enhancing
the volume fractions. Massoudi and Mohamed"' exhibited the finite
element computations for the natural convective flow and energy
transmission performance of water-diamond nanoliquid around a
spinning elliptic baffle inside a cavity with Lorentz force and uniform
heat generation/absorption effects. They found that the temperature
profiles are enhanced inside the cavity with greater uniform heat gen-
eration, whereas they are reduced with heat absorption parameter.
Shah et al.** numerically analyzed the mixed convective CuO-water
nanoliquid flow inside a curved corrugated cavity. They inferred that
the Nusselt number diminishes and temperature profiles augment
with enhancing the heat sink coefficient. Furthermore, the isotherm
contour magnitudes significantly increase with greater heat generation
parameter.

Joule heating (also known as Ohmic dissipation) is an important
phenomenon in magnetohydrodynamics and involves the dissipation
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of energy in viscous flows due to externally applied magnetic field
interacting with conducting liquids. Joule heating, therefore, improves
the heat transfer by utilizing electric current movement, which
increases electrical conductivity and reduces dynamic viscosity effects.
Inclusion of Joule heating in mathematical models, therefore, provides
a more realistic appraisal of MHD transport characteristics. Rahman
et al.*’ applied the finite element technique to investigate the Ohmic
heating effect on mixed convective heat transfer in an enclosure with a
semi-circular source at one wall, under the transverse magnetic field
effect. They found that energy transmission reduces for augmenting
values of the Ohmic heating parameter. Ghaffarpasand** computed
the MHD natural convective flow of Fe;0, — water nanoliquid within
a cavity under the conjugate impacts of Lorenz force and Joule heating.
He exhibited that the rate of heat transfer decreases for magnifying
either the Eckert (dissipation) number or Hartmann number.
Mehmood et al.”” numerically scrutinized the hydromagnetic mixed
convective flow inside an alumina-water nanofluid-filled square enclo-
sure containing a heated square blockage, with the impact of Joule
heating. They noticed that magnifications in the magnetic field and
the Eckert number increase the mean heat transfer inside the enclo-
sure. Zahan et al.* presented a numerical simulation to investigate the
magnetohydrodynamic mixed convective flow inside a hybrid
nanoliquid-filled triangular enclosure with Ohmic heating. They
noticed that the Joule heating parameter has a minor influence on the
isotherms and streamlines contours. Taghikhani*’ discussed the mag-
netohydrodynamic convection within a copper-water nanoliquid-
filled enclosure with Joule heating. He observed that stream function
values are increased, and the mean heat transfer rate is reduced with
the greater Eckert number and so the Ohmic heating has an inhibitive
consequence on the convection inside the enclosure.

Viscous dissipation is associated with internal friction in viscous
flows and is a significant factor in heat transfer in porous media.
Alhashash et al*® numerically investigated the viscous dissipation
impact on free convective flow inside a square porous cavity by utiliz-
ing a thermal non-equilibrium model and demonstrated that the
mean heat transfer rate of solids increases and the mean heat transfer
rate of fluid decreases with an augmentation in the modified conduc-
tivity ratio for all values of viscous dissipation parameter. Ghalambaz
et al.*”” numerically analyzed the viscous dissipation effect on free con-
vective flow within a square porous enclosure filled with a nanofluid
by adopting the Buongiorno two-component homogenous nanofluid
model. They disclosed that the heat transfer rate at the cold and hot
walls are dissimilar owing to the viscous dissipation impact.
Magnifying the Eckert number enhances the Nusselt number at the
cold wall, whereas at the hot wall, the trend is reversed. Pop and
Sheremet™ numerically studied the viscous dissipation effect on the
natural convection flow within a differentially heated enclosure filled
with a Casson fluid, observing that increasing the Eckert number gen-
erates a reduction in the rate of heat transfer. Haritha et al.”' numeri-
cally presented the heat transfer and free convective nanofluid flow
inside an enclosure by considering the viscous dissipation effect. They
noticed that the isotherm magnitudes increase as the Eckert number
upsurges.

An in-depth literature survey confirms that no investigation has
been presented in the literature to examine the effects of Joule heating,
viscous dissipation, heat source or sink on the mixed convective y-
ALO; — H,0 and y-AlL,O; — C;HgO, nanofluid flow inside an
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enclosure of square shape with cold and hot slits containing an isotro-
pic porous medium under an oblique magnetic field impact. This con-
stitutes the novelty of the current investigation, which is motivated by
emerging applications in hybrid electromagnetic fuel cells and nano-
magnetic materials processing systems. The Tiwari-Das nanofluid
model is adopted for this investigation. The slits maintain a hot tem-
perature located at the centers of the left and right walls of the cavity.
The cavity’s horizontal walls feature a cold slit at the middle section.
The governing equations subject to the initial and boundary condi-
tions are formulated in the Cartesian coordinate system and non-
dimensionalized with suitable transformations. The initial-boundary
value problem in dimensionless form is then solved with the efficient
marker-and-cell (MAC) method.”*”” Validations with a previous
study are included. Numerical results for isotherms, streamlines, and
local Nusselt number are presented graphically for various key emerg-
ing parameters. The simulations present deep insights into the trans-
port phenomena in magnetic nanofluid filled enclosure of relevance to
fuel cell energy and biomedical materials synthesis applications.”

Il. MATHEMATICAL FORMULATION

Figure 1 visualizes the two-dimensional geometry that is to be
analyzed. The unsteady, laminar, incompressible, and mixed convec-
tive flow of electrically conducting y-Al;O3 — H,O and y-AlL, O3 —
C,H¢O, nanofluids inside a porous cavity with vertical and horizontal
walls of length (L) under an oblique magnetic field, is considered. The
middle portions of the right and left walls are sustained at a higher
temperature, whereas the center portions of the bottom and top walls
are maintained at a lower temperature. The enclosure contains a
homogenous, isotropic, and non-deformable porous medium.
Thermo-physical properties of the nanoliquid are presumed based on
the Tiwari-Das model. The influences of Joule heating, internal heat
generation/absorption, and viscous dissipation are taken into
consideration.

In Cartesian coordinates, based on the above considerations, the
mass, momentum, and energy conservation equations are expressed as
follows to consider the magnetic nanofluid, Joule heating, heat

Saturated
porous medium

FIG. 1. Flow configuration of the problem.
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absorption/generation coefficient, viscous dissipation, and inclined
magnetic field effects:”>*"*>*

g0 (1)
Ox Oy o
6u+u@+v%——i@+y @+@
ot* ox Oy Paf Ox " | 9x2 dy?
B ,
+of % (ysin® cos ® — usin*®) _ﬂm
Pnf K
()
O ov v 10, O O vy
ot* dx Oy p, Oy " | 92 9y %
(rB), B2
+Ag(T -+ 22
Pnf Puf
x (usin © cos ® — v cos’ @)7 (3)
oT oT  OT kg |°T PT Q
U TV, T Tt as| i (T— T
ot* Ox dy (pCP)nf [axz Dy (PCp)”f( )
Hong sy OuBRV? Haf
+—— W +v) +
(pcp)”fK (pCP)nf (pcp)nf
: 2(@)2+2 " 2+ v, Qu 2
Ox Oy dx Oy ’
4)

The initial and boundary conditions of the problem are specified in
Table 1. The thermophysical properties of base-fluids (C,HgO,
and H,O) and nanoparticle (Al,O3) are displayed in Table II.

The thermophysical properties of nanofluids are essential for
improving the heat transfer characteristics of the working fluid. The
physical and thermal properties of nanofluids are considered based on
the Tiwari-Das nanoscale model and are presented as follows:

Density of the nanofluid:
Pup = (1= @)py + Op,,. ®)
Nanofluid’s heat capacitance:
(0Cp)pp = (1 = @) (pCy); + B(pC,y),- (6)
Nanofluid’s thermal expansion coefficient:
(pB) s = (1= ®)(pp); + D(pf),. @)
Nanofluid’s thermal diffusivity:
kg
ay = (8)
4 (pCP)nf
Nanofluid’s electrical conductivity:
Onf =14 & 7
af (€+2)-(c-1o
where
o
f=-" O
of

Thermal conductivity, dynamic viscosity, and effective Prandtl num-
ber of the nanofluids are defined mathematically as follows: >’

Phys. Fluids 34, 072001 (2022); doi: 10.1063/5.0095334
Published under an exclusive license by AIP Publishing

34, 072001-4


https://scitation.org/journal/phf

Physics of Fluids ARTICLE

TABLE I. The initial and boundary conditions of the problem.

scitation.org/journal/phf

Initial condition * <0, 0<x <L, 0<y<L: u=v=20 T=T.
* = : =y= oT L
Leftwallt* > 0,x=0,0<y<L u=v=20 T _ 0 for 0<y<t
Ox 4
L 3L
T=T, f - —
n for 4<)/<4
oT 3L
=0 for = L
Ox or 4<y<
ioht wall £* - L: —y = oT L
Right wall t* > 0, x ,0<y< u=v=0 o for 0<y<t
0x 4
L 3L
T=T, f —<y<—
o for o <y<o
6T—0 for 3,L< <L
ox 1~
Bottom wall t* > 0, y =0, 0 < x < L: u=v=20 oT L
—=0 for 0<x<-—
oy 4
L 3L
T=T, for -—-<x<—
4 4
oT
—=0 for —<x<L
dy
X _ . —y= T L
Topwallt* >0, y=L 0<x<L u=v=0 8_20 for 0<x<t
oy 4
L 3L
T=T, for -—-<x<—
4 4
oT 3L
— =0 for —<x<L
dy

k
ka — 4970 + 2720 +1 for y— ALO; — H,0,  (10)
1

k
1 28.9050% +2.82730 + 1 for 7 — ALO; — CHeO,, (11)
ky
B 12302 +730+1 for
Ky
M 30602 — 0.190 +1 for
1y

Y — A1203 — HzO, (12)

y — ALO; — GHgO,, (13)

To reduce Egs. (1)-(4) into the non-dimensional form, the fol-
lowing non-dimensional quantities are considered:

u 4 x y
U=—; V=—; X==; Y=%;

UO U() L L
p , T-T.  PU (16)
U3 =T L

In dimensionless form, the governing equations by virtue of Eq. (16)
emerge as follows:

Pry ) WLw_,, (17)
Pryp U yOU [ OU_ (PN OP (v LPZU GZU]
P_f =25430°+30+1 for y—ALO; — CHeO,.  (15) ot X Yy (pnf) X (uf) Re |0X2 = 0Y?

i
H. 2
. (2 b —a(Vsin@)cosG)
TABLE II. Thermophysical properties of H,O, CoHs O, and Al,03.%" >+ ar ) \Pu) Re
.2 an 1

Property H,0 C,Hg0, ALO; — Usin® ©) — (V—f) eDa "’ (18)
p (kgm™3) 997.1 1117.48 3970 8l+U3l+V0l
C, (Tkg 'K 1) 4179 2382.1 765 [/ ) )
k (Wm k) 0.613 0.2492 40 __(Pr\OP (v L {52_V+32_V} L (O (Pr)He
B (kh 21x107° 57 x107° 0.85%x 107° Pur ) OY vy ) Re[0X2  OY? o ) \pus) Re
c (Q'm™) 0.05 1.07 x 1078 1x 10710 1
u (Pas) 8.9 x 1074 0.022 x (Usin®cos® — Vcos? ©) — Vg V+ (0F)ny Ri0,
Pr 6.2 210.3 vy ) ReDa = puyhy

i i (19)
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TABLE Ill. The non-dimensional pertinent parameters. 00 U 00 v 00
- o ox oy
Re L w1 [0%0 020
UoL (% o o
5 of ) RePr [0X?  0Y?
Gr gﬁf(Th — TC)L ( c )
-2 P E
vj +<ﬂ) RQP 0+ (“—f) L) (1Y)
o, ” y ) Repr "\ )\ (0Gy),, ) DaRe
% +(%) (PCp)y | Ha*Ee (u_f) (PGp)s
Ha G o ) (0G| Re 1y )\ (0Go),s
oL, [,
Ky ke 2<6U)2+2(8V)2+(8V+8U>2
Ec Uz Re 19):¢ 19)'% 0X 0y ’
(Co)s (T — To) (20)
Ri ﬂ The non-dimensional pertinent parameters arising in Eqs. (18)-(20)
Re? are tabulated in Table 1], and the dimensionless form of the initial
Q QyL? and boundary conditions are tabulated in Table IV. The local and
(PCp) mean heat transfer rates are given by the subsequent expressions:
Da K - (ae)
— Nuy=-——|— 21
LZ u kf aY Y:Oa ( )
1
Nug,, = J Nu dx. (22)
0
TABLE IV. The dimensionless form of the initial and boundary conditions.
Initial conditiont < 0,0 <X <1,0<Y < I: U=V=0 0=0
a0 1
Leftwall t >0, X =0,0<Y < 1: U=V=0 gy =0 for 0<Y <,
1 3
0=1 for —-<Y<-,
4 4
60—0 for 3<Y<1
X 4 ’
. a0 1
Rightwallt >0, X=1,0<Y < L: U=VvV=0 &:0 for 0<Y<Z’
1 3
0=1 for —-<Y<-,
4 4
@ =0 for 3 <Y<l
oxX 4 ’
a0 1
Bottomwallt >0, Y =0,0< X < 1: U=V=0 W:O for 0<X<1,
1 3
0=0 for —-<X<-,
4 4
a0
ETan 0 for —<X<1
a0 1
Topwallt >0, Y=1,0<X < I U=V=0 a—y:o for O<X<Z’
1 3
0=0 f —<X<=
or 1 <X < 1
a0 3
— =0 f -<X<1
oY or 4 < <
34,072001-6
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11l. MAC COMPUTATION AND VALIDATION

The momentum and temperature Eqgs. (18)-(20) with the associ-
ated dimensionless initial and boundary conditions (Table IV) are
solved by adopting the MAC technique. The pressure distribution is
computed by using the continuity Eq. (17). The numerical outcomes
are implemented in terms of velocity components (U, V). Although
viscous flow is considered, in the MAC technique, viscosity is not
essential for the numerical simulations. In the finite-difference discreti-
zation, the cell boundaries are labeled with half-integer values.
However, the marker cells are not used in the computation. In this sec-
tion, the numerical discretization technique is discussed in detail.
According to the weak conservation form of the time-dependent two-
dimensional Navier-Stokes equations and temperature equation as
described by Egs. (18)-(20), the following grid meshing procedure is
used at the center of a cell:

1
U1, = 3 (Uierj + Uiyj). (23)
The subscripts i and j in the previous equality represent the space
coordinates in the X and Y directions, respectively.

Apply Eq. (23) into the X-direction momentum conservation Eq.
(18) to obtain the following:

a(uv) G(Ug + Ufw‘))z - G(Ur‘—w‘ + Uij))z

aX = AX ) (24)
1
a(uv) Ui+ Uir)(Vij + Vin)
ay AY
1
2 Uis T Uij1)(Vijor + Vieajoa)
- NG . (25)

For the second order derivatives, the following central difference for-
mula is used:

PU U
VU=~ s 26
ox: oy 2o
U1 —2Uij+ Uyj  Uijy —2Ui + Uy
277 Ji—lj ij i+1,j ij—1 ij ij+1
ViU = oo + NG C(27)

Next, Eq. (23) is applied into the Y-direction momentum conservation
Eq. (19) to obtain the following:

1
a(VU) _Z(Ui,jJrl + Uij)(Vij + Viny)

0X AX
1
Z(Ui—l,jJrl + Uic1)(Vij + Vi)
AX
1 PN :
a(VV) (E(Vz:jﬂ + Vi,j)) - (E(Vi,jfl + Vi,j))
= . 2
oY AY @9
The central difference formula for the Laplacian operator is provided
by
*Pv o’V
2 _ -
ViV = e + a2 (30)

Vieyy —2Vij+ Vi n Vijo1 —2Vij+ Vi

2y
ViV = AX? AY?

(31)
The X-momentum equation’s discretization approach is described as

follows:
ou ou 1 (0’U O*U
U+ Voo ) += +

Un+1 — Un dt T
* 0X oY Re \OX? 0Y?

1 Ha?
+dt{f—U+fa(

V sin® cos ® — Usin® @)} . (32)
ReDa Re

The Y-momentum equation requires a minor adjustment with the
addition of a new term and becomes

(o2 v L (2 o)
ax TV ay) Tre\oxz T ov2

1 Ha?
+dt{f—V+Ri9+—a(Usin®cos®f Vcosz®)]
ReDa Re

Vn+l — Vn + dt

(33)

It is important to note that the temperature term 0 is co-located with
the velocity before being used in the previous equation to accommo-
date the staggered grid. The pressure term is considered as

ViU
dt

The discretized temperature equation required to move to the next
time level (0""'), which is obtained as follows:

2 2
g+l :Q”ert((uao+ V@) + 1 (00+80+Q9>>

=V?P. (34)

0X oY RePr \0X? 0Y?

Ha?Ec 2) (Ec(l A, ))
+dt(TV +dt oo (5o (U +V?)
car(E (2(2) (2 4 (2 29) ). o
Re \ “\9X Y X oy ’

In the absence of thermophysical properties of the nanofluid, heat
source/sink, Ohmic heating, inclined magnetic field, viscous dissipa-
tion, and in the presence of radiation, with modifications in the geom-
etry, initial and boundary conditions, the current model is equated
with some of the results presented by Khan et al.”® Figure 2 displays
the comparison of the streamlines and isotherms computed from the
current MAC code with the earlier solutions of Khan et al.”* Excellent
correlation is attained, and it confirms the accuracy of the present
MAC code.

IV. RESULT AND DISCUSSION

The transport characteristics for laminar mixed convection of
magnetohydrodynamic y-AL,O; — H,O and 7-ALO; — C;HeO,
nanofluids flow inside a square porous cavity with Joule heating,
inclined magnetic field, viscous dissipation, and heat sink/source
effects have been computed by adopting the MAC scheme. Extensive
visualization of the solutions is presented in Figs. 3-14. The non-
dimensional control parameters values deployed in the computations

are selected from the literature’***>*’ to physically represent real
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Khan et al. study [28]

streamines

flows. The ranges prescribed for the pertinent parameters are as fol-

lows: Prandtl number (C,HgO, = 210.3andH,0 = 6.2), Darcy
number (10~% < Da < 107!), Hartmann number (10 < Ha < 100),
Reynolds number (2 < Re < 10), Richardson number (102 < Ri
< 10%), Eckert (dissipation) number (0 < Ec < 1), nanofluid volume
fraction (0 < @ < 0.05), and volumetric heat generation/absorption
coefficient (—6 < Q < 6). Throughout the simulations, the following
default values are deployed: Da = 1073, Q= —6,® = 0.05, Ec=0.3,
Ri=1, Re=2, and Ha= 10, unless otherwise specified. Figures 3-14
depict the influence of these parameters on local heat transfer rate, iso-
therms, and streamlines. In addition, Tables V-VII are presented for
mean Nusselt number distribution.

A. Streamlines variation with the Hartmann number

Figure 3 portrays the inclined magnetic field effect through the
Hartmann number on streamlines contours for y-Al,O; — H,O
and y-AL, O3 — C,HO; nanofluids. In general, the Hartmann num-
ber exerts a critical influence on the momentum and thermal
convection process. The magnetic field inclination (®) features in

ARTICLE scitation.org/journal/phf

Present study

Streamines

FIG. 2. Comparison contour plots W|th
Pr_071éRe_10 Nr =1, Gr=10%,
Da =10

both X- and Y-momentum equations. It appears in the term,
oubs (V $in @ cos @ — U sin? ®) in the X-momentum equation (18)
and 2% (Usin ® cos ® — V cos® @) in the Y-momentum equation
(19). The shape and strength of the circulating cells of the stream-
lines are modified substantially for both nanofluids as Ha increases.
A single right circulation cell and a single left circulation cell are
identified in the case of the y-Al;O; — H,O nanofluid. Instead,
double right circulation cells and double left circulation cells are
identified in the case of the y-Al;O3; — C,HgO, nanofluid. This
indicates that the fluid motion is slower (i.e., deceleration in the cir-
culation is induced) in the y-Al,O; — C,HgO; nanofluid case com-
pared to y-Al,O; — H,O nanofluid case. The circulation cells are
reduced in all cases as the enhancement in the magnetic field has
the tendency to increase the strength of the Lorentz force, which
damps the flow. Magnification in the Lorentz force causes a
decrease in fluid mass displacement, and therefore, the expansion
of the circulation cells diminishes. When strength of the magnetic
field is amplified, the density of the streamlines along the walls
decreases, indicating that the velocity decelerates in these areas. In
addition, as the Hartmann number is increased, the center of the
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FIG. 3. Streamlines of (a) y-Al;O3 — H20 and (b) 7-Al;03 — C,HsO for different values of (i) Ha = 10, (ii) Ha = 50, and (iii) Ha = 100.
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FIG. 4. Streamlines of (a) 7-Al,03 — H,0 and (b) y-Al,05 — C,He0, for different values of (i) Da = 102, (i) Da = 1072, and (ii) Da = 10~".
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FIG. 5. Isotherms of (a) y-Al,03 — H,0 and (b) 7-Al,05 — C,Hs O for different values of (i) Q = —6, (i) Q=0, and (iii) Q = 6.

circulation cells has migrated toward the warmer regions. In other
words, increasing the Hartmann number causes eddies to stretch
along the vertical direction.

B. Effects of Darcy humbers on streamlines

In any flow domain, the impact of porous medium implies the
distribution of solid matrix fibers throughout the region. This matrix
structure modifies the heat transfer characteristics and particularly
affects the fluid flow characteristics. The porous medium permeability
is represented here by permeability (K), which features in the Darcy
number (Da). The Darcy number occurs in both the primary and sec-
ondary momentum equations (18) and (19) as linear Darcy drag force
terms, viz. — Z—'}f RelDa U and — %{ RelDa V. Permeability of the porous
medium is evaluated using physically viable values of the Darcy num-
ber (1072 < Da < 107!), with the fixed value of other pertinent
parameters. Figure 4 portrays the Darcy number influence on stream-
lines distribution of y-Al,O3 — H,O and y-Al,0; — C,;HsO, nano-
fluids. As seen, the circulation cells are formed at the central (core)
zone of the enclosure in the y-Al,03 — H,O nanofluid case and the
circulation cells are split into two eddies at top and bottom of the cav-
ity in y-AL, O3 — C,HgO; case. Increasing values of the Darcy number
have the tendency to upsurge the magnitudes of the inner circulation

cells in y-Al,O3 — H,O nanofluid case, and the inner circulation cells
are expanded to the middle of the cavity in y-Al,03 — C,HO, case.
It is an evident that the fluid velocity increases (i.e., internal flow accel-
eration is induced) at the central zone of the cavity with magnifying
values of the Darcy number.

C. Effects of heat source/sink on isotherms

Figure 5 portrays the impact of heat sink/source (Q) on the iso-
therms for y-Al,O; — H,O and y-Al,O3; — C;HgO, nanofluids. It
has a substantial role in the energy transmission characteristics inside
the cavity. The isotherm distributions evolve considerably due to the
changes in Q. The characteristics of heat absorption/generation
parameter on the isotherms contours of y-Al,O; — H,O nanofluid
are presented in Fig. 5(a). It is to be noted that Q >0 indicates the
internal heat generation, whereas Q < 0 represents the internal absorp-
tion of heat. As seen, in the case of heat sink (Q = —6), the impact of
the hot slits is dominated by the cool slits and the center region is
cooled. In the absence of heat sink/source (Q = 0), the impact of the
hot slits is higher in the center region of the cavity. The impact of the
hot slits is predominantly visible in the center region when the heat
source (Q=6) is present. As a result, the energy transmission is nota-
bly augmented for increasing the heat source parameter values.
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FIG. 6. Streamlines of (a) y-Al,03 — H,0 and (b) y-Al,03 — C,HgO; for different values of (i) @ = 0%, (i) @ = 3%, and (i) ® = 5%.

Though this impact is not particularly prominent in the y-Al, O3 —
C,H¢O, nanofluid, the magnitudes of the circulation cells are slightly
increased for higher heat source parameter values. Therefore, the influ-
ence of the heat absorption/generation parameter is more dominant in
the y-Al,O; — H,O nanofluid compared to y-Al,O; — C,HsO,
nanofluid.

D. Effects of nanofluid volume fraction on streamlines
and isotherms

Velocity distribution of the considered nanofluids is not notably
influenced with nanoparticle volume fraction. Figure 6 illustrates that
the streamlines of y-Al,O; — H,O and y-Al,O; — C;HgO, nano-
fluids are almost invariant as the volume fraction upsurges. It is noted
that in the y-Al,0; — H,O nanofluid case, flow circulation character-
ized by circulation cells forms in the center of the enclosure. In the y-
Al,O3 — CHgO; case, the circulation cells are divided in two parts at
the top and bottom of the enclosure.

Figure 7 demonstrates the influence of volume fraction (®) on
isotherms for y-Al,O; — H,O and y-Al,O3 — C;HgO, nanofluids.
The numerical results of this study demonstrate that the energy trans-
mission features of the considered nanofluids are improved consider-
ably with the nanoparticles volume fraction. The volume fraction
factor is essential in understanding how the nanoparticles modify the
energy transmission of nanoliquid from the hot wall to the cold wall.

As the volume fraction grows, uneven and random particle motions
enhance the energy exchange rates in the fluid and, as a result, an
improvement in the thermal distribution of the nanofluids is observed.
Figures 7(a-i) and 7(b-i) elucidate the characteristics of isotherms of
H,0 and C,H¢O, fluids without any nanoparticles (® = 0). It is
observed that C,HgO, nanofluid has higher heat transfer than H,O.
3% and 5% suspensions of y-Al,O3; nanoparticles in the base-fluid
water is presented in Figs. 7(a-ii) and 7(a-iii), respectively. Figures 7(b-ii)
and 7(b-iii) illustrate the features of isotherms with 3% and 5% of
7-Al, O3 nanoparticles suspension into the base-fluid C,HgO,. In the
7-Al,O3 — H,0 nanofluid case, the circulation cells migrate to the top
and bottom walls, so the heat is transferred from the left to right wall
more effectively. In the y-Al,O3 — C,HO, case, heat is transferred
throughout the cavity. It is noticed that when the nanoparticle volume
fraction is magnified, the temperature enhancement in the center
region is more amplified in the case of the y-Al,O; — H,O nanofluid
compared to y-Al,O; — C,HgO, nanofluid. However, the energy
transmission efficiency of y-Al,03 — C,HgO, nanofluid is higher than
7-Al,O3 — H,O nanofluid.

E. Effects of Richardson numbers on streamlines
and isotherms

Figure 8 explores the forced (i), mixed (ii), and natural (iii) con-
vective flow aspects for both y-Al,0; — H,0 and y-AlL, O3 — C,HeO,
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FIG. 7. Isotherms of (@) y-Al,03 — H0 and (b) y-Al,03 — C,Hg O, for different values of (i) @ = 0%, (i) @ = 3%, and (jii) ® = 5%.

nanofluids. The Richardson number (Ri) plays a significant part in
manipulating the convective transport within the enclosure. Smaller
values of the Richardson number (Ri) correspond to the forced con-
vection flow (Ri < 1), Ri=1 characterizes the mixed convection flow,
and higher values of the Richardson number imply the natural convec-
tion flow (Ri > 1). The }lighardson number is included in the single
thermal buoyancy term oh 7~ Ri 0 added in the Y-direction momen-
tum equation (19). Figure”S(i) illustrates the evolution in streamlines
for y-A,O3 — H,O and y-Al,0; — C,HsO, nanofluids for forced
convective flow, i.e.,, Ri = 0.01. In the y-Al,O; — H,O nanofluid case,
more circulation cells are synthesized in the vicinity of the right wall
with strong circulation in the center zone of the enclosure, whereas in
the y-ALO; — C,HgO, nanofluid case, the circulation cells are split in
two distinct groups at the bottom and top of enclosure and no signifi-
cant flow is computed at the center of the enclosure. The shapes of the
circulation cells do not change when the value of Ri is increased from
0-01 to 1 for either nanofluids. That is, the forced convective flow
behavior is sustained even for the mixed convective flow mode. When
Ri = 100, the magnitudes of inner circulation cells are increased and,
therefore, it is noticed that the velocity of the fluid increases in the cav-
ity as shown in Fig. 8(iii) for both nanofluid cases. The magnitude of
streamlines is slightly higher in y-Al,O; — H,O nanofluid compared

to y-Al,O3 — C;HgO, nanofluid. This demonstrates that y-Al,O;
—H,0 nanofluid has better flow characteristics than y-AL,O;
—C,HgO; nanofluid.

Figure 9 illustrates the isotherms contour plots for y-AlL, O3 —
H,O and y-Al,O3 — C,HgO, nanofluids. In the y-Al,O; — H,O
case, more heat is transferred near the right and left walls but in the
7-AlL O3 — C,HgO; case, heat is transferred throughout the cavity.
The impact of the Richardson number is not significant on the iso-
therms for the considered nanofluids.

F. Effects of Reynolds humbers on streamlines
and isotherms

Figure 10 depicts the streamline distributions in the enclosure for
varying the Reynolds number (Re) with 7y-Al,O; —H,O and
7-Al,O; — C;HgO, nanofluids. The relative contribution of inertial
forces to viscous forces is represented by the Reynolds number. The
Reynolds number is a dimensionless number, which is used to classify
the fluid flow. It is well known that the influence of viscosity is impor-
tant in controlling velocities or flow patterns. As a result, the Reynolds
number plays a predominant role on the transport characteristics of
viscous fluids. In Fig. 10(a), a single primary recirculation cell is
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FIG. 8. Streamlines of (a) y-Al,03 — H,0 and (b) y-Al,03 — C,HsO, for different values of (i) Ri= 0.01, (i) Ri= 1, and (jii) Ri = 100.

Isotherms 7—AI203-H20 Isotherms ~-Al 203-H20

(a)1

Isotherms fy-AIzOz-HzO

09
08 F
0.7
06
> > 05 > 0.
04
03
02
0.1
0 0 0
0 0.2 0.4 0.6 08 1 0 02 0.4 0.6 0.8 1 0 0.2 04 0.6 0.8 1
X X X
(b) Isotherms «-Al,0,-CH_O I
7-A1,0,-C,H:O, , sotherms 7-Al,0,-C,H.O, , Isotherms 4-Al,0,-C,H .0,
0.8 08 08
0.7 07 07
0.6 06 06
> 05 > 05 > 05
04 04 0.4
03 03 03
0.2 02 02
0.1 0 0.1 0
L l—— S ———— .
0 0.2 0.4 0.6 08 1 0 0.2 0.4 0.6 0.8 1
X X

FIG. 9. Isotherms of (a) y-Al,03 — H,0 and (b) y-Al,03 — C,HgO, for different values of (i) Ri=0.01, (i) Ri= 1, and (iii) Ri = 100.
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FIG. 10. Streamlines of (a) y-Al;03 — H20 and (b) y-Al;03 — C,HsO; for different values of (i) Re =2, (ii) Re =5, and (iii) Re = 10.

observed in the case of y-Al,O; — H,O nanofluid and circulation cells
are fragmented into two parts and more circulations are formed at the
bottom and top of the cavity for y-Al,03 — C,HsO, nanofluid. The
circulations cells at the center region of the enclosure are decreased
with higher Reynolds number values. When increasing the Reynolds
number values from Re =2 to Re = 5, the inner most circulation cell
shrinks at the center and moves closer to the top and bottom of the
cavity in the case of y-Al,;O; — H,O nanofluid. When Re=10, a
peanut-shell shaped structure is formed, and the inner circulation cells
are broken. This indicates that the velocity of the nanofluid is
decreased at the center region of the cavity. However, the density of
the circulation cells near the bottom and top walls is increased for
higher Reynolds number values. This implies that the flow near the
horizontal walls is accelerated with higher Reynolds number values.
With increment in the Reynolds number from Re=2 to Re = 5, the
outer most circulation cells at the center region of the enclosure are
contracted in the case of y-Al,0; — C;HgO, nanofluid. This indicates
that at the vertical walls side of the enclosure, fluid velocity is dimin-
ished. When Re = 10, the left circulation cells are formed at the top
and bottom of the enclosure separately and the outer most right circu-
lation cell is further depleted in size and forms a peanut-shell shaped
structure. This suggests that the velocity of the nanofluid is decreased

at the center region and increased near the bottom and top walls of
the cavity. The streamline patterns overall indicate that the velocity
of y-Al,O3 — H,O nanofluid in the enclosure is higher than that of
V—Ale;; — C2H602 nanofluid.

Figure 11 represents the isotherms of y-Al,O; — H,O and y-
AL O; — C,HgO; nanofluids inside the cavity with different
Reynolds number values. The heat transfer characteristics of y-
Al,O3 — H,O nanofluid for various Reynolds number values are
presented in Fig. 11(a). As seen in Fig. 11(a-i), when Re = 2, the
energy transmission within the cavity is suppressed. The impact
of the hot slits and cold slits is more pronounced in their neigh-
borhoods. When Re = 5, the impact of the hot slits dominates the
impact of the cold slits at the center region and greater heat trans-
fer is observed as illustrated in Fig. 11(a-ii). When Re = 10, the
impact of the hot slits is predominant at the center region, which
is demonstrated in Fig. 11(a-iii). The results reveal that the energy
transmission is significantly enhanced for magnifying the
Reynolds number, i.e., with greater inertial force relative to vis-
cous force in the regime. The heat transfer characteristics of
7-AlL,O3 — C,HgO, nanofluid are presented in Fig. 11(b). It is
noticed that the impact of the cold slits is considerably decreased,
and the energy transmission is amplified for augmenting the

Phys. Fluids 34, 072001 (2022); doi: 10.1063/5.0095334
Published under an exclusive license by AIP Publishing

34, 072001-14


https://scitation.org/journal/phf

Physics of Fluids ARTICLE scitation.org/journal/phf

(a) Isotherms 7—AI203-H20 Isotherms 7-AI203-H20 Isotherms 7-AI203-H20

04 0.6 X I 0.4
X X

(b)1 Isotherms 7-AI203-C2H602 ! Isotherms 7-AI203-CZH602 : Isotherms '7'A|z°3'c2H6°2
09 99 0.9 ’ 09
0.8 0.8 0.8
0.7 0.7 0.7
0.6 0.6 06
> 05 > 05 > 05r
0.4 0.4 0.4
03 0.3 0.3
02 0.2 02
0.1 0 0.1 0.1
L eeaaa— | L eea———— | R =
0 0.2 0.4 06 0.8 1 0 02 0.4 0.6 08 1 0 0.2 0.4 06 0.8 1
X X X

FIG. 11. Isotherms of (a) y-Al,03 — H20 and (b) y-Al,03 — C,HgO;, for different values of (i) Re =2, (i) Re =5, and (iii) Re = 10.

Reynolds number. The impact of the hot slits is more pronounced  G. Characteristics of Nusselt number distribution
with higher Reynolds number values. It is observed that the
energy transmission efficiency of y-Al;O; — C;HgO; nanofluid is
higher than y-AlL,O; — H,O nanofluid.

The impact of volume fraction on local heat transfer rate is dis-
played in Fig. 12. The local Nusselt number profiles are enhanced with
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FIG. 12. Local Nusselt number of (a) y-Al,03 — H,0 and (b) y-Al,03 — C,Hs0;.
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FIG. 14. Local Nusselt number of (a) y-Al;03 — H20 and (b) y-Al;03 — C,HgO,.

TABLE VI. Mean heat transfer rate variations with different values of heat source/

TABLE V. Mean heat transfer rate variations with different values of volume fraction
sink parameter.

parameter.
Pertinent Pertinent

parameter y-AlLO; — H,O y-Al,O; — C,HgO, parameter y-ALLO; — H,O y-AlLO; — CHgO,
d = 0.00 1.325954 311011 331 6.403 021 254 584 748 Q=-6 1.665814 975702 705 9.169209 316 562 142
® =0.03 1.499236907 611 164 7.659768 142773 325 Q=0 2.283 827139476982 9.268 971 954 320 264
® = 0.05 1.665814 975702 705 9.169209 316562 142 Q=6 3.177 005080214 399 9.369799598 102119

magnifying volume fraction of nanoparticles. More variations are mean heat transfer rate of y-Al,O3 — H,O and y-Al,O; — C,HO,
noticed in the case of y-Al,0; — C,HsO, nanoliquid compared to nanofluids. The heat transfer rate of y-Al,O; — C;HgO, nanofluid is
y-Al, O3 — H,O nanoliquid. The characteristics of mean heat transfer higher than y-Al,O; — H,O nanofluid. When 3% of y-Al,O; nano-
rate for various volume fractions are presented in Table V. particles are suspended into H,O and C,H¢O, base-fluids, the mean
As observed, obviously there is a very substantial difference in the heat heat transfer rate of y-A,O; — C,HgO; nanofluid is 410.91% higher
transfer rate computed with different base-fluids (H,O and C,HgO,). than that of y-Al,O3; — H,O nanofluid. When 5% of y-Al,O3 nano-
In the absence of nanoparticles, there is a 382.89% difference in the particles are suspended into H,O and C,HgO, base-fluids, the
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TABLE VII. Mean heat transfer rate variations with different values of the Eckert
number.

Pertinent

parameter y-AL O3 — H,O y-AL O3 — C,HeO,
Ec=0.0 1.665810502 131 878 9.169208 334148 351
Ec=0.3 1.665 814975702 705 9.169209 316 562 142
Ec=1.0 1.665 825414 042 485 9.169211 608 866 878

difference in the mean heat transfer rate between y-Al,O; — H,O and
y-Al,O3 — C,HgO; nanofluids is increased to 450.43%. In addition,
compared to the base-fluids H,O and C,H¢O,, the y-Al,O3 — H,0O
and y-Al,O; — C,HgO; nanofluids have higher average heat transfer
rates. Hence, the presence of nanoparticles considerably boosts the
energy transmission characteristics of the base-fluids.

The heat sink/source parameter’s impact on local heat transfer
rate is presented in Fig. 13. The local Nusselt number profiles are
enhanced with magnifying heat source values (Q = +6), whereas they
are suppressed with the increase in heat sink parameter values (Q
= —6). The case of Q=0 implies an absence of either heat source or
sink. Greater variations are computed in the case of y-Al,0; — H,O
nanofluid compared to y-Al,O; — C,HgO, nanofluid. The character-
istics of mean heat transfer rate for various heat sink/source parameter
values are illustrated in Table V1. In the presence of heat sink, the aver-
age heat transfer rate of y-Al,O; — H,O nanofluid is 450.43% lower
than 7-Al,O3 — C;HgO, nanofluid. In the absence of heat sink/
source, the average heat transfer rate of y-Al,O; — C,HO, nanofluid
is 305.85% higher than that of y-Al,O; — H,O nanoliquid. In the
presence of a heat source, the average heat transfer rate of y-Al,O3 —
C,HO; nanofluid is 194.92% higher than y-Al,O; — H,O nanofluid.
Therefore, there is a huge variation in the increment of the mean heat
transfer rate for the considered nanoliquids with modification in heat
absorption/generation within the enclosure.

The impact of various Eckert number values on local and mean
heat transfer rates is presented in Fig. 14 and Table VII, respectively.
The results reveal that a slight enhancement is observed for magnify-
ing the Eckert number values, indicating that viscous heating and
Joule heating do exert an influence on the heat transfer characteristics.

V. CONCLUSIONS

Inspired by the emerging applications in magnetic nano-materials
processes and hybrid electromagnetic nanofluid fuel cells, the current
work has presented a numerical investigation of the combined effects
of viscous dissipation and Ohmic heating on magnetohydrodynamic
(MHD) mixed convection y-Al,O3 — H,O and y-Al,O3 — C,HeO,
nanofluids transport inside a cavity under the impact of inclined mag-
netic field. The Tiwari-Das nanoscale model is adopted with different
correlation models deployed for thermal conductivity, dynamic viscos-
ity, and effective Prandtl number formulations for the thermophysical
properties of nanofluids. At the center of the right and left walls of the
enclosure, hot slits are included. At the center of the top and bottom
walls, cold slits are located. Other portions of the cavity are considered
as adiabatic. The transformed dimensionless momentum and energy
equations are solved by applying a stable, accurate, and finite difference
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MAC method. Validations with earlier study are included. The key
observations from the simulations are summarized as follows:

(1) As the magnetic field strength is increased (i.e., with the
increase in the Hartmann number), the density of the stream-
lines along the walls decreases, indicating that the velocity
diminishes in these areas. In addition, as the Hartmann number
is increased, the center of the circulation cell is observed to
migrate toward warmer regions inside the enclosure.

(2) Increasing values of the Darcy number (i.e., for greater perme-
ability of the porous medium) has the tendency to increase the
magnitudes of the inner circulation cells in the y-AL,O; — H,O
nanofluid case, and the inner circulation cells are expanded to
the central zone of the enclosure in the y-Al,O; — C,HgO,
case. This indicates that the flow acceleration and circulation
intensification are generated at the middle of the enclosure with
the increment in the Darcy number.

(3) Heat transfer is notably increased with an increment in the heat
source parameter, whereas it is suppressed with heat sink
parameter. The impact of the heat absorption/generation
parameter is more dominant in y-Al,O3 — H,O nanofluid case
compared to the y-Al,03 — C,HgO, nanofluid case.

(4) The heat transfer rate of y-Al,O; — C;HgO, nanofluid is mark-
edly higher than y-AlL,O; — H,O nanofluid. When 5% of y-AL, O;
nanoparticles are suspended into H,O and C,HsO, base-fluids,
the difference in the mean heat transfer rate of y-Al,O; — H,O
and y-Al,03 — C,HgO, nanofluids is increased to 450.43%.

(5) The local Nusselt number profiles are enhanced for magnifying the
heat source parameter values but depleted with greater heat sink
parameter values. More significant modifications are observed in
the case of y-Al,0; — H,O nanoliquid. When the heat source is
present, the average heat transfer rate of y-Al,O3 — C;HeO,
nanofluid is 194.92% higher than that of y-Al,03 — H,O nano-
fluid, indicating an impressive thermal enhancement with the exis-
tence of a heat source.

The present research has demonstrated some fascinating charac-
teristics of forced, natural, and mixed convective magneto-nanofluid
flow inside a porous medium enclosure using different base-fluids
with a single type of nanoparticle (y-alumina). The MAC algorithm
has been shown to be very precise and adaptable for simulating such
problems of relevance to electroconductive nanofluid materials proc-
essing operations and hybrid magnetic nano-fuel cells.
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NOMENCLATURE

By  Strength of the inclined magnetic field (kg s72 A™")
C, Specific heat of fluid (J kg™'K™")
Da  Darcy number
Ec  Eckert number
Gr  Grashof number
Acceleration due to gravity (m s™2)
Ha  Hartmann number
K Permeability of the porous medium (m?)
k  Fluid thermal conductivity (W m~! K1)
L Length of the enclosure (m)
Nu  Nusselt number
P Dimensionless pressure
Pr  Prandtl number
p  Pressure (Pa)
Q  Heat generation/absorption coefficient
Qo Dimensional heat source or sink (W m™2)
Re  Reynolds number
Ri  Richardson number
T  Temperature of fluid (K)
t  Dimensionless time
t*  Dimensional time (s)
U Non-dimensional velocity component along X direction
Up Reference velocity (ms™!)
u,v  Velocity components in x, y directions (ms™")
V' Non-dimensional velocity component along Y direction
X,Y Non-dimensional distance along x and y co-ordinates
x,y  Cartesian coordinates (m)

Greek symbols

Thermal diffusivity (m?s™!)

Thermal expansion coefficient (K™!)
Inclination angle of the magnetic field (rad)
Non-dimensional temperature

Dynamic viscosity (kg m~! s71)

Kinematic viscosity (m?/s)

Density of fluid (kg /m?)

T Y= o0 <

ARTICLE scitation.org/journal/phf

o Electrical conductivity (S m™!)
®  Solid volume fraction

Subscripts

avg  Average
¢ Cold surface
f Fluid
h  Hot surface
nf  Nanofluid
p  Particle
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