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Inspired by the applications in electromagnetic nanomatenals processing in enclosures and hybrid fuel cell echnolo-
gies, a mathematical model is presented o analyze the mixed convective flow of electrically conducting nanofluids
{r-Alztdh — Had and Al — CaHeidz) inside a square enclosure sarated with porons mediom under an inclined
magnetic field. The Tiwan-Das model, along with the viscosity, thermal conductivity, and effective Prandil number
correlations are considered in this study. The impacis of Joule heating, viscous dissipation, and internal heat ab-
saprplionfgeneration are taken inte consideration.  Strongly nonlinear conservation equations which govern the heat
transfer and momentam ingide the cavity with associated initial and boundary conditions are rendered dimensionless
with appropriate ransformations. The Marker-And-Cell (MAC) echnique is deploved to salve the non-dimensional
initial-boundary value problem. Validations with previous siudy are included. A detailed parametric siudy is carmed
out i evaluaie the influences of the emerging parameters on the transport phenomena. When 5% Al nanopar-
ticles are suspended into B0 base-fluid, the average heat transfer rate of Al — Hx0 nanoliquid is increased by
25-63% compared with the case where nanoparticles are absent. When 3% y-AlL 05 nanoparticles are suspended into
CaHeld: base-fluid, the average heat transfer rate of y-Al20h — CaHat: nanofluid is increased by 43 20% compared
with the case where nanoparticles are absent. Further, when heat source is present, the average heat transfer rate of

Al — CaHa2 nanofluid is 194 -92% higher than that in the case of A0y — H20 nanofluid.

Keywords: Magnetized nanofluids, squase cavity, MAC compuatation, Toule heating, poroos medium.

I. INTRODUWCTION

In 1995, ar the Argonne Mational Laborstory in the United
States, Choi and Eastman’ introduced nanofluids which con-
atiiute colloidal suspensions of base-fluids containing metallic
{ non metallic f carbon-based nanopamicles.  Aluminum ox-
ide [Alo0), silver [Ag), zine (Zn), copper (Cu). ferric oxide
[(Featly), magnesiom oxide (Mgi), silicon diexide [5i0),
iitanium dioxide (Tad;), eic., are some examples of widely
uwied nanoparticles, and engine oil [CeH)g), water (Ha),
ethylene glycol [CoHg0, ), kevosene (CypHag — Cisfag ), veg-
ctable oil, etc., are some popular base-fluids. These hase-
fluids have relatively low thermal conductivities compared
1o the material {solid) nanopaicle’s thesmal conductiviey.
Manoparticles can be combined with base-fluids in different
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percenizges {volume fraction) and as such nanofluids provide
an efficient heat wansfer mediom.  The nanofluids conmain
I — 100 nanometer sized nanoparticles that are evenly and sta-
bly disiributed. The inclosion of nanoparticles improves the
thermal conductivity and thereby enhance the heat transfer.
The nanoliguids are extensively utilized as preferred fluids
in several engineering, indusirial, and manufacturing applica-
tions including heat exchangers, electronic cooling systems,
hipmedical devices, surface coating, lubrication, environmen-
tal remediation and petroleum recovery™ ">,

Alumina is an excellent engineering material that is made
from kaolin or bauxite in varous phases known as alpha (o),
beta (5], and gamma (¥). a-alumina is a white puffy pow-
der that is known as nano—alumina. It has a lower specific
surface area and bears high temperatures. I is inert and has
almost no catalytic activity. It is the most stable form of
alumina that s utilized as a ceramic material.  Other tran-
sitional alumina phases such as f-aluming and p-alumina
are mostly used as catalvsis. The unit cell of f-alumina has
two alumina spinel blocks and it is hexagonal in shape, with
a lamellar strocture. y-aluming has high temperature resis-
tance, inert, high specific surface, excellent dispersion, high
purity and it is a nano-alumina. F-alumina is the most widely
used mano-powder among the ransitional alumina phases and
it 15 wilized in catalysis applicaiions owing o it high sur-
face area and good porosity charactenistics. Therefore, many
researchers have considered the alumina nano-powder for
heat transfer analvsis'®. Moghaieh et al."* performed an ex-
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perimental analysis to study the turbulent convective energy
iransmmission of y-Al, 0y — Hp() nanoliquid in engine cooling
systems. Nowrouzi et al.” carried out an experimental in-
vestigation using Mg, Ti: and p-AL0y nanoparticles in
carbonated water for wettability alteration in carbonate oil
reservodrs. They noticed that the contact angle was reduced
very effectively after sdding the nanoparticles into carbonated
water. Radwan et al.'" conducted an experimental analysis
of turbulent convective engine evlinder's head cooling using
¥-Al 0y nanoparticles mised with distilled water with volurme
fractions of 1% and observed that for all distinet nanoparti-
cle sizes, the convective coefficient was improved. Ganesh
et al.' numerically investigated the heat-generation effect on
¥-Alx 0y — Ha O nanoliquid Aow inside an enclosure with mul-
tiple obstructions of various shapes. They noticed that the
average and local heat transfer pates are increased for increas-
ing the volume fraction of nanopanicle and superior energy
transmission is ohserved in the iriangular barriers inside the
enclosure,

I mined convection, both the buoyancy and shear forces
play a subsiantial role. In general, the buoyancy force en-
hances the flow and heat iransfer profiles inside a cavity and
magnifies the energy transmission rates from the heated sur-
face, The buoyancy-driven force is prominent in natueal con-
vection and extensive works have been reported with both
non-Mewtonian and Newtonian fluids in a vaniety of differ-
ent gemetries incloding square, rectangular, triangular, and
irapezoidal cavities. The mixed convection is relatively a chal-
lenging phenomenon to investigate. Mixed convection finds
applications in solar collectors, biomedical engineering, ven-
tilation of buildings, acrospace appliances, thermal exchang-
ers, etc." Many applications arise in energy consumption and
therefore sudies on mied convective flows are very impor-
tant in power systems including fuel cells. For example, Ab-
basian et &l numerically investigated the collective shear
and baoyancy force effects on Co-water nanafloid circulation
within an enclosure with sinusoidally heated verical walls.
They observed that decreasing Richardson number produces
higher heat transfer rates. Dedavi et al ™ experimentally in-
vestigated the mixed convection flow inside & vented cubical
cavity filled with large solid low-conducitvity spheres. They
modiced that when Richardson number is less than 10, the
Tzat transfer rate and fow strocture scaling are the same as
pure forced comvection. Ishak et al*' applied the finie el-
ement technique to explore the featunes of mixed convective
Al y-water nanofloid flow within an enclosure of irapezoidal
shape with solid eylinder, observing that an increment in the
Reynolds number and Richardson number enhances the heat
transfer rate. Humayoun et al.™ numerically investigated the
mixed comvection fow inside & lid-drven cavity and disclosed
that for smaller values of Richardson number, the forced con-
vection dominates and the shear forces due o lid movement
Teive & superior impact.

Conveciive flows in porous media feature prominently in
several technological areas including high-performance insu-
lation for buildings, combustion in porous subsirates, chem-
ical catalysis reactors. poro-glastic transport in canilage,
packed-bed energy storage system, geo-hydrology, hybrid

fuzl cells, percolating hydrocarbons, geothermeal reservoirs,
and transdermal drug delivery™. Javed et al® numeri-

cally serutinized the energy transmission and natural comvec-
tive flow within copper-water nanofluid-filled porous trape-
zoidal cavities, They noticed that as the Darcy number i in-
creased, the strength of sireamlines circulations i3 intznsified
and the isotherms are significantly modified. Mythili et al >
used a Crank-Nicolson echnique io snalyze the Casson fluid
fow over different geometries saturated with a non-Darcy
porods medium, observing that velocity peofiles decrease with
an increment in Forchheimer number. Khan et al ™ numeri-
cally serutinized the impact of mived convective flow inside a
porous cavity of square shape, showing that heat iransfer im-
proves with higher Darcy number {larger medium permeabil-
ity) for large values of Grashof number. Raju et al.*® numeri-
cally investigated the Marangoni convective nanofluid flow in
a porous medium by adopting the Runge-Kutta method and
shooting technique, noting that increasing pososity parameter
accelerates the fow.

Magnetohydrodynamics (MHD) comprises the interaction
of electrically conducting fluids and applied magnetic fields.
The iransport charscteristics of elecrically conducting fluids
can be non-introsively manipulated by an exiemal magnetic
field. Magnetic nanofluids constimte an imporiant subset of
nanomaterials and ensble electrically conducting nanofluids
with magnetic nanoparticles w be controlled via Hammann
magnziic body force. Heat iransfer and fluid fow behavior
can therefore be modified in such fuids with either siatic or
aliernating meagnetic fields. A substantial nomber of mvest-
gations on convective flows with magnetic field effect have
been reporied due to emerging applications in magnetic ma-
terial processing, crystal growth processes, hiomagnetic fluid
dynamics, electromagnetic sensors, fuel cells and electronag-
netic pumps™, Reddy and Panda® numerically analyzed
the MHD natural conveciive flow and energy transmission in
Al;£h-water nanoliquid within a porous wavy-shaped trape-
zoadal cavity with differentially heated sidewalls, observing
4 significant enhancement in heat transfer characteristics for
amplifying the impact of magnetic field. Javaherdeh et al
applied the finite difference iechnigue to analyze the free con-
vective MHD nanofluid flow of copper oxide-water inside a
wavy cavity and noticed that velocity of the Auid diminishes
for enhancing the values of the Hammann number. Hajarzadeh
et 1l numerically studied the comvective energy [ransmis-
shon in alumina-water nanoliguid transport within a square
cavity with an external magnetic field. They exhibited that
the rate of heat transfer and fuid velocity are reduced with
stromger magnetic feld. They further detected that the Nos-
selt number and emperature profiles ane elevated by inereas-
ing magnetic field inclination from O to 45 degrees. Man-
sour ¢t al.* presented the finite volume method based nu-
merical simulations 1o examing the nanofluid Aow of copper-
water inside & C-shaped cavity with an inclined magnetic ficld
effect They observed that amplifications in the Harimann
nurber (magnetic body force parameter) valwes diminish the
flow of the nanoliquid. Revnic et al*® numerically serutinized
the inclined magnetic feld effect on Al — Cu — water hy-
brid nanoliquid convection fow within an enclosure, noting



that an increment in the magnetic force declines heat ransfer.
Farhany et al* numerically investigated the Al Oy — warer
meanofluid ratural convective low within an enclosure with an
inclined magnetic field. They observed that by increasing the
Harimann number values, the average Nusselt nomber is re-
duced owing to suppression of the thermsal busyancy force and
coiviective energy transmission with stronger magnetic field.

Internal heat absosption/generation oocurs in several ther-
mal engineering processes. Mahmoudi et al 77 applied the lat-
tice Boltemann method to investigate the energy iransmission
perfermance of Al — warer nanoliquid inside an open en-
closure with absorption o generation of heat subject to non-
unifrm thermal boundary conditions. They inferred thar the
rate of heat transfer is increased for amplifying the beat gen-
eration. Benazir et al ™ numerically investigated the Casson
fluid fAow over different geometries with & non-uniform heat
sinkfeource using the finite difference technique. They no-
ficed that the heat ransfer is considerably modified by the
surface dependent heat sink of source parameter. Rashad et
al.® numerically imvestigated the influence of heat absorp-
fion of generation on copper-water nanoliguid flow within a
irapezoidal cavity under an inclined magnetic field using a
SIMPLE algorithmn and inferred that the rate of heat wans-
fer is augmented strongly with heat absorption whereas it i3
suppressed with heat generation. Rashad et al * numerically
scrutinized the MHD mixed convective nanofluid flow in a
U-shaped lid-driven cavity with parial 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 matural convective flow and energy transmission perfor-
mance of water-diamond nanoliguid assund a spinning elliptic
baffle inside a cavity with Lorentz force and uniform heat gen-
erationfabsorpiion effects. They found that the lemperature
profiles are enhanced insade the cavity with greater uniform
heat generation whereas they are reduced with heat absogp-
tion parameter. Shah et al ** numerically analyzed the mixed
comvective Culd — waver nanoliguid flow inside a curved oor-
rugated cavity. They infered that the Nusselt number dimin-
ishes and temperature profiles augment with enhancing the
Bt sink coefficient. Further, the isotherms contowrs mag-
nitudes significantly increase with greater heat generation pa-
rameier.

Joule heating (also known as chmic dissipation) is an in-
portant phenomenon in magnetohydrodynamics and involves
the dissipation of energy in viscous fows due to extemally ap-
plied magnetic field intzracting with conducting ligquids. Joule
heating therefore improves the heat transfer by utilizing elec-
iric current movement, which increases electrical conductiv-
ity and reduces dynamic viscosity effects. Inclusion of Joule
heating in mathernatical models thenefore provides a more re-
alistic appraisal of MHD transpon characteristics. Bahman
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 wans-
verse magnetic field effect. They found that energy transmis-
son reduces for sugmenting values of the ohmic heating pa-

rameter. Ghaffarpasand™ computed the MHD natural con-
vective flow of Fea(ly — warer nanoliquid within a cavity un-
der the conjugate impacts of Lorenz force and Joule heating.
He exhibited that the rate of heat transfer decreases fior mag-
nifving either the Eckent (dissipation) number or Harimann
nomber. Mehmoosd et al% numerically scrutinized the hy-
dromagnetic mixed comvective fow inside an alumins-wates
nanofluid-filled square enclosure containing a heated square
blockage, with the impact of Joulz heating. They noticed
that magnifications in the magnetic field and Eckert number
increase the mean heat transfer inside the enclosure. Zahan
et al* presented & numerical simulation © investigate the
magnziohydrodynamic mized convective flow inside a hy-
brid nanoliquid-filled miangular enclosure with ohmic heat-
ing. They noticed that the Joule heating parameier has a
miner influence on the isotherms and streamlines contours.
Taghikhani*’ discussed the magnetohydrodynamic comvee-
tion within & copper-water nanoliquid-filled enclosure with
Joule heating. He observed that stream function valoes are in-
creased and the mean heat wansfer rate is reduced with greater
Ecker number and <o the ohmic heating has an inhibitive con-
sequence on the convection inside the enclosure.

Viscous dissipation is sssociated with intemal friction in
viscous flows and is a significant factor in heat transfer in
porous media. Alhashash et al * nomerically investigated the
viscous dissipation impact on free comvective flow inside a
square porous cavity by uiilizing a thermal non-equilibrium
pode] and demonstrated that the mean heat ransfer rate of
solids increases and the mean beat transfer rate of Auid de-
creases with an augmentation in the modified conductivity ra-
i fior all values of viscous dissipation parameter. Ghalambaz
et al.* numerically analyzed the viscous dissipation effect on
free convective flow within a square porous enclosure filled
with a nanofluid by adopting the Buongiomo two-component
homogenows nanofluid model. They disclosed that the heat
transfer rate at the cold and hot walls ane dissimilar owing to
the viscous dissipation impact. Magnifying the Eckert num-
ber enhances the Nusselt number at the cold wall whereas at
the hot wall the trend is reversed. Pop and Sheremet™ numer-
ically sudied the viscous dissipation effect on natural comvec-
tion flow within a differentially heated enclosare filled with
a Casson fAuid, ebserving that increasing the Eckert numbser
penersies a reduction in the rate of hest ransfer. Haritha et
al*' numerically presented the heat transfer and free convec-
tive nanofiuid Aow inside an enclosure by considering the vis-
cous dissipation effect. They noticed that the sotherm magni-
tudes increase as the Ecken number upsurges.

An in-depth literature survey confirms that no investiga-
tion has been presented in the literature (o examine the effects
of Joule heating, viscous dissipation, heat source or sink on
the mixed comvective F-Alp0; — Kol and p-Al 05 - G H0,
nanofluid fAow inside an enclosure of square shape with cold
and hot slits containing an isotropic porous medium un-
der an oblique magnetic field impact. This constitutes the
novelty of the current imvestigstion which is motivated by
emerging applications in hybrid eleciromagnetic fuel cells and
nano-magnetic materials processing systems. The Tiwan-Das
nanofluid model is adopted for this investigation. The slits



maintain a hot emperature are located at the centers of the
left and right walls of the cavity, The cavity's horizontal
walls featwre a cold slit at the middle section. The govern-
ing equations subject o the inital and boundary conditions
are formulated in the Canesian coordinate system and non-
dimensionalized with suitable wransformations. The initial-
boundary value problem in dimensionless formn is then solved
with the efficient MAC method™. Validations with pre-
vious sindy are included. Numerical resulis for isotherms,
streamlines, and local Nusselt number are presented graphi-
cally for various key emerging parameters. The simulations
present deep insights into the ransport phenomena in mag-
netic 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
i b analyzed. The unsteady, laminar, incompressable, mixed
comvective flow of elecinically conducting p-Alz0: — Ha(dand
¥l — C2Hg (O nanofluids inside a pofous cavity with ver-
tical and horizontal walls of length (L) under an obligue mag-
netic field, is considered. The middle portions of the right
and left walls are susiained at a higher temperatune whereas
the center porions of the botom and top walls are main-
tained &t a lower iemperatore. The enclosure contains a ho-
mogenois, isotropic, and non-deformable porous medium.
Thermo-physical propertics of the nanoliquid sre presumed
beased on the Tiwani-Das model. The influences of Joale heat-
ing. internal heat generation/sbsorption and viscous dissipa-
tion are taken into consideration.

In Cantesian coordinates, based on the above considerations,
the meass, momenium and energy conservaiion equations are
expresaed as follows to consider the magnetic nanofluid, Joule
hearing, heat absorprion/generation coefficient, viscous dissi-

pation and inclined magnetic field effects: ™44
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The initial and boundary conditions of the problem are spec-
ified in Table 1. The thermophysical propenies of base-fuids
(CaHg0y and Hy £ and nanoparticle (Al 0y ) are displayed in
Tabde 1.

The thermophysical properties of nanofluids are essential
for improving the heat transfer characteristics of the working
fluid. The physical and thermal properiies of nanofluids are
considered based on the Tiwani-Das nanoscale model and are

presented as follows:

Density of the nanofluid:
Pap =11 =®jp,+dp, (5)
Manofluid's heat capaciiance:
(PCy),p = (1=®)(pCy)  +¥(pC,), (6)
Manofloid's thermal expansion coefficient;
(PB,y = (1-0)(pB), + ®(pf), U
Manofluid’s thermal diffusivity:
k
_ n
By = —a— i8)
T
Manofloid's electrical conductivity:
G 3E-1)0 g
==|1¢4 where S == (9)
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Thermal conductivity, dynamic viscosity and effective Prandil
nurnber of the nanofluids are defined mathematically as
follows™":
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To reduce the equations (1) - (4) into noa-dimensional
form, the following non-dimensional quantities are consid-
ened:
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In dimensionless form, the governing equations by virue of
Eqn. {16) emerge as follows:
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FIG. 1. Flvw configuration of the problem

TABLE I The initial and boundary conditions of the problem

[nitial condition ¢* <0, 0<x< L O0<y<L: u=wv=10 T=T:

Leftwall ¢* =0, x=0, 0=y L u=vr=0 Ellh-:ﬂ for ¢'|'1_ﬁI
T=Th for ey

Z=0for Teyel

Right wall * =0, x=L 0 < y < L: u=y=0 L for Dy

I
=T, for Ij oy %

=0 for $eyel

ox

Bottom wall ¢* =0, y=0, 0V < x < L u=v=0 iI =0 for 0=y .%
=T hx Ij-'.':»'.'%
Ho0for Feacl
Topwall i* =0, y=L 0 <1< L u=vr=0 %:ﬂ for flln'.'xf.'%

T=T Ij &R %

%:ﬂl for %f.‘.r-'.‘l'_




TABLE I1. Thermophysical properties of Hy (0, CyHy 0y and ALy, *1545

Property H:0 Caliglh Alyly
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The non-dimensional periinent parameters arising in Eqns.
{ 18- 20) are tabulated in Table 11 and the dimensionless form
of the initial and boundary conditions are hulated in Table
IV. The lecal and mean heat iransfer rates are given by the
subsequent expressions:

T
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. MAC COMPUTATION AND VALIDATION

The momentumn and temperare squations (18) - (200
with the associated dimensionless initial and boundary con-
ditions (Table IV) are solved by adopting the MAC technigue.
The pressure distribution is computed by using the continu-
ity equation {17). The numerical outcomes are implemented
in terms of velocity componends (U, V). Although viscous
fAow is considered. in the MAC technique, viseosity is not es-
sential for the numerical simulations. In the finite-difference
discretization, the cell boundaries are labeled with half-integer
valwes, However, the marker cells are not used in the compina-
tion. In this section, the numerical discretization technigue is
discussed in detail. According to the weak conservation form
of the time-dependent two-dimensional Navier-Stokes equa-
tions and temperstune equation s described by eqns. (18) -
{201, the following grid meshing procedure is used at the cen-

TABLE [II. The non-timensional periiment paramelers
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The subscripts | and | in the previous equality repeesent the
space coordinates in the X and ¥ directions, respectively.

Apply Eg. (23) into the X-direction momentom consemva-
tion Egn. {18 to obtain the following:
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TABLE IV, The dimensionkess form of the intial and boundary conditions

Initial condition ¢ <0, 0 X < 1L O<F < 1: U=v=0 8=0
Leftwall t >0, X =0, 0< ¥ < I: U=v=0 =0 for <Y<y
#=1 for _*ﬁ.l.'f.'i-
Z=tfor 1<V <l
Rightwallt >0, X =1, 0< ¥ < I: U=v=0 =0 for 0<¥ <}
#=1 for ixi.l.'f.'%
=0 for 3<F<l
Batiom wall ¢ >0, ¥ =0, 0< ¥ < I: U=v=0 L0 for DX <]
#=0for y<X<}
=0 for X<
Topwallt >0, ¥ =1,0<X < I: U=v=0D =0 for D<x<}
#=0 for f<xcd
F=0for 7<X<1
For second order derivatives. the following central difference  provided by

formula is used, . .
FEF_&—V d*V 0
vlu—ﬁfﬂ—u (26) S -
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AX? The X-momentum equation's discretization approach s de-
Lu-' WijtUijn jay  scribed as follows:
A¥?

Meat, Eq. (23) 15 applied into the Y-direction momentum con-
servation Bgn (19) to obtain the following:
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The central difference formula for the Laplacian operator is
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The Y-momentum equation requines 3 minor adjustment with
the addition of a new termm, and becomes:
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[t is inportant oo note that the temperature term 8 is co-located
with the velocity before being used in the previous equation
o accommedate the staggered grid. The pressure temm 5 con-
sidered as:

vy ;
—=Vpr
dr
The discretized teryperature equation required o move o the
next time level {E'"" I which is obtained as follows:

0" = 0"+ dr (- (U + VI ) + e (5E+ 8+ 00) )
o (BEEV? )+ (B (o (U2 +V7)))
van (6 (2(%) 2(%) +(3+%))) o

[ the absence of thermophysical properties of the nanofluid,
heat sourcedsink, ohmic heating, inclined magetic field, vis-
cous dissipation, and in the presence of radiation, with modi-
fications in the geometry. inifial and boundary conditions, the
current medel is equated with some of the resulis presented by
Khean et al.2® Figure 2 displays the comparison of the stream-
lines and isotherms compuoted from the current MAC code
with the earlier solutions of Khan et al.?® Excellent corelation
is antained and it confirms the accuracy of the presemt MAC
code.

i3]

I¥. RESULT AND DISCUSSION

The transport charactenistics for laminar mized convec-
tion of magnetehydrodynamic p-Al; 03 — a0 and y-Al 05 -
CaHetdz nanofluids flow inside & square porous cavity with
Joule heating, inclined magnetic field, viscous dissipation,
and heat sinkfsouree effects have been computed by adopt-
ing the MAC scheme. Extensive visualization of the solu-
tions is presented in Figuee [3-14). The non-dimensional con-
trol parameters values deploved in the computations are se-
lected from the literamre® ' ***** 1o physically represent real
flows. The ranges prescribed for the pertinent parameters ane
as follows: Prandil number [CaHeth = 21003 & H:0 =6.12),
Da:qmunl:tr{]ﬂ'l-': Da < 107"), Hartmann number {10 <
Ha < 100}, Reynolds number (2 < Be < 10), Richardson
number (107° < Rf < 107, Eckent (dissipation) number (0 <
Ee < 1), nanofluid volume fraction (0 < & < 0.05) and volu-
metric heat generation/sbsorption coafficient (-6 < {0 < 6.
Throwghiout the simulstions, the following default valoes ase
deploved: Da=10-%, 0 = -6 & =005 Ec=03,Ri=|,
Re =12 and Ha = 10, unless otherwise specified. Figures
[3-14] dipict the influence of these parameters on local heat
transfer ate, isotherms, and streamlines. Inaddition, Tables
{%¥-VII} are presented for mean Nusselt number distribation.

A. Streamlnes vanation with Hartmann number

Figure ¥ portrays the inclined magnetic field effect through
the Hartmann number on streamlines comtours fior =400, -

Ho and 1Al 5 — CoHg; nanofluids. In general, the Har-
mann nomber exents a critical influence on the momentam and
thermal comvection process. The magnetic field inclination
(8 features in both X and Y-momentum equations. It ap-

pears in the term, ==L (V sin 8 cas @ — U sin® @) in the X-

momentum Equ. (18) and %25 (U sin @ eos @V cos? 6)
in the Y-momentum Egn. {19). The shape and strength of the
circulating cells of the streamlines are modified substantially
for both nanofluids as Ha increases. A single right circulation
cell and a single lefi cinculation cell are dentified in the case
of the y-Al;0 — Had nanofluid. Instead, double right circu-
Lation cells and double left circulation cells are identified in
case of the y-Al:(0: — C2He2 nanofluid. This indicates that
the Auid motion is sbower (ie. deceleration in the circulation is
induced) in the y-Alx03 — CaHy 0> nanofuid case compared
o p-Alay — Hof) nanofluid caze. The circulation cells ane
reduced in all cases as the enhancement in the magnetic field
has the tendency o increase the strength of the Lorentz force
which damps the Aow. Magnification in the Lorentz force
causes & decrease in fuid mass displecement and therefore the
expansion of the circulation cells diminishes. When strength
of the magnetic fizld is amplified, the density of the stream-
Lines along the walls decreases, indicating that the velocity de-
celerates in these areas. In addition, as the Hartmann nunsber
is ncreased, the cender of the circulation cells has migrated
towards the warmer regions, In other words, increasing the
Hartmann nurber causes eddies to stretch along the vertical
direction.

B. Effects of Darcy numbers on streamlines

In any flow domain, the impact of porous mediom implies
the distribution of solid matrix fikers throughout the region.
This matris. structure modifies the heat iransfer characteris-
tics and pamicularly affects the Auid Aow characteristics. The
porous medium permeability s represented here by perme-
ahility (K] which features in the Darcy number (Da). The
Diarcy nurnber occurs in both the primary and secondary mo-
meenium equations (18) and (19) as linear Darcy drag force
terms, viz. — 3 ) and — 34 V. Permeability of the
porous medium is evaluated using physically viable values of
Darcy number (1077 < Da < 10-1), with the fixed value of
other pertinent parameters. Figure 4 porrays the Darey num-
ber influence on streamlines distribution of p-Alx0y — K0
and y-Ala0: — Cals 0 nanofluids. As seen, the circulation
cells are formed at the centeal {core) zone of the enclosure in
the y-Alz0h — B0 nanofluid case and the circulation cells
are split into two eddies at top and bottom of the cavity in
Al — ol case. Increasing valuwes of Daey nurber
have the tendency to upsurge the magniudes of the inner cir-
calation cells in p=Af20: — H20 nanofluid case and the inner
circulation cells are expanded to the middle of the cavity in
Al — ol case. 1t is an evident that the Auid veloc-
ity increases {i.e. intemal flow scceleration is induced) at the
central zone of the cavity with magnifying valoes of Darcy



Khan et al. study [28]

Present study
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FIC. 2. Comparison contour phots with Pr = 0.71.Re = 10.4r = 1, Gr = 10°, Da = 107,

€. Effects of heat source/sink on Botherms

Figure 3 portrays the impact of heat sink/source () on
the isotherms for ¥ —Al05 — K20 and Al — Gl
meanofluids. It has o substantial role in the energy transmisaion
characteristics inside the cavity, The isotherm distributions
evolve considerably due to the changes in (. The characizris-
tics of heat absorption/generation parameter on the isotherms
contowrs of P-4z — Hx O nanofluid &re presented in Figure
HA) It is 1o be noted that Q0 = 0 indicates the internal heat
generation whereas (0 < 0 represents the internal absorpiion
of heat. As seen, inthe case of heat sink [ = —6), the impact
of the ot slits is dominated by the cool slits and the center re-
gion is cooled. In the shsence of heat sinkfsource (2 =0),
the impact of the hot slits is higher in te center region of the
cavity, The impact of the hot slits 18 predominantly visible
in the center region when the heat source [ = 6) s present.
As @ result, the energy transmission 1% notably angmented for
increasing the heat souree parameter values. Though this im-
pact is not panticulady prominent in the Al 0y — CoH 0,
nanofluid, the magnitudes of the circulation cells are slightly
increased for higher heat source parameter values. Therefore,
the influence of the heat absogption/gencration parameter is
moee dominant in the y-Al0; — H, O nanofluid compared to
}'—rﬂ;ﬂj - EIHEGE 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. Fig-
ure & illoserates that the streamlines of p-AL05 — Ho (0 and
y=Alzth — CaMe £ nanofluids are almost invariant & the vol-
urne fraction upsurges. It is poted that in the y=Al0y — Hy 0
nanofluid case, fAow eirculation characterized by circulation
cells form in the center of the enclosure. In the y-Al0; —
oMy case, the circulation cells are divided in two paris at
the top and bottom of the enclosure.

Figure 7 demonsirates the influence of volume fraction
(3] on isotherms for Al — Ha0 and p-Al205 — G H 0,
nanofluids.  The numerical resulis of this sudy demon-
strate that the energy transmission featares of the considered
nanofluids is improved considerably with the nanopamicles
volume fraction. The volume fraction factor is essential in
understanding how the nanopanticles modify the energy trans-
iikisaion of nanoliquid from the hot wall o the cold wall. As
the volume fraction grows, uneven and random particle mo-
tions enhance the energy exchange rates in the fuid and, &
a result, an improvement in the thermal distribotion of the
nanofluids are observed. Figures T(A-1) and T{B-1) elucidate
the characteristics of isptherms of Ha( and CoHa0- fluids
without any nanoparticles (@ = 0). It is observed that G a0
nanofluid has higher heat transfer than B0, 3% and 5% sos-
pensions of Al nanoparticles in the base-fluid water are
presented in Figures 7(A-I1y and T{A-IN), respectively. Fig-
ures T{B-I1y and T(B-110) illusirate the features of isotherms



with 3% and 5% of y-Al,(}; nanoparticles suspension into the
ease-Auid CaH 0. In the y-Al 05 — Ha O nanofluid case, the
circulation cells migrate to the wop and botiom walls, so the
Izt is transfierred from the left to right wall more effectively.
In p=Al2ids — CaHgOh case, heat is transferned throughout the
cavity. It is noticed that when the nanoparticle volume frac-
Tion is magnified, e [Empersne enhancemant in he cemer
region is more amplified in the case of the A0 — H0
manofluid compared o 7=Al0: — CaHah nanofloid. How-
ever, the energy transmission efficiency of =405 — CoHy 05
manofluid is higher than Al 0 — H20 nanofloid.

E. Effects of Richardson numbers on streamlines and
sotherms

Figure & explores the forced (1), mixed (1), and natural
(I} comvective flow aspects for both p-AlL04 — Ha O and
¥-Alth — CiHa(): nanofluids. The Richardson number | RY)
plays a significant part in manipulating the convective trans-
port within the enclosure. Smaller values of Richardson num-
ber [Ri) corespond o the forced convection flow (R < 1),
Ri = | characterizes the mixed comvection flow and higher val-
wes of Richardson number imply the natural convection Aow
(Ri = 1}. The Richardson number is included in the single
thermal buoyancy term %""ﬁ'fi Ri 8 added in the Y-direction
momentum equation (19). Figure 81} illusirates the evolu-
tion in streamlines for Al — Hadand p-Aldhs — CaHai:
manofluids for forced convective Aow Le. R = 0.01. In the
Al — Ha O nanofluid case, more circulation cells are syn-
thesized in the vicinity of the right wall with strong circu-
lation in the center zone of te enclosure. whereas in the
ALy — CHgdy nanofluid case, the circulation cells are
split in two distinet groaps at the bottom and top of enclosure
and no significant fow is computed at the cemer of the encle-
sure. The shapes of the circulation cells do not change when
the value of £ is increased from - 01 10 [ for either nanoflu-
ids. That is, the forced convective flow behavior is sustained
evien for the mixed convective flow mode. When 81 = 100, the
magnitudes of inmer circulation cells are increased and therehy
it is noticed that the velocity of the fluid increases in the cav-
ity as shown in Figure 8(101) for both nanofluid cases. The
magnitude of streamlines is slightly higher in p-Al 05 — Ha 0
nanofluid compared to p-AL0; — CHe () nanofluid.  This
demonsirates that p-Alas — H2( nanofluid has better Aow
characteristics than y-Aly 0y — CaHe 0 nanofluid.

Figure 9 illustrates the isotherms contour plots  for
}Lruzﬂj - Hzﬂ and HIEG"I - ClHﬁﬂ] nanofluids. In
Al — Haid case, more heat is iransfermred near the right
and left walls but in the pALOy — CH, case, heat i
iransferred throughout the cavity. The impact of Richardson
number is pot significant on the isotherms for the considered
nanofluids.
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F. Effects of Reynolds numbers on streamfines and isotherms

Figure 10 depicts the streamline distributions in the enclo-
sure for varying the Reynolds numbser (Re) with 1=ALO; —
Ho (0 and 7-Al00y — GoH0; nanofluids. The relative contri-
bution of inertial forces w viscous forces is represented by the
Reynolds number. The Reynolds number is a dimensionless
mumber which is used to classify the fAuid Aow. Tt is well-
known that the influence of viscosity is important in control-
ling velocities or flow patiems. As aresult, the Reymolds num-
ber plays a predominant role on the transpont charactenistics
of viscons fluids. In Figure 104, a single prmary recircu-
lation cell is observed in case of yAl0; — HaO nanofluid
and circulation cells are fragmented into two parts and mwone
circulations are formed at the bottom and top of the cavity
for yAlh — CaHetd: nanofluid. The circulations cells at
the center region of the enclosure are decreased with higher
Reynolds number values. When increasing the Revoolds
number values from Re = 2 w fe = 5, the inner most cir-
calation cell shrinks at the center and moves closer 1o the top
and botiom of the cavity in case of Al 0; — H20 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 ai the center region of
the cavity. However, the density of the circulation cells near
the bottom and top walls are increased for higher Reynolds
nureber valwes. This implies that the Aow near the horizon-
tal walls is accelerated with higher Reynolds nomber values.
With increment in Reynolds number from Be = 2 ip Re = 5,
the outer most circulations cells at the center region of the
enclosure are conracied in the case of Al — Gl
nanofluid. This indicates that at the vertical walls side of the
enclosure, fluid velocity is diminished. When Re = 10, the
lefi circulation cells are formed at the top and bottom of the
enclosure separately and the outer most right circulation cell
is further depleted in size and forms a peanut-shell shaped
structure. This suggests that the velocity of the nanofluid is
decreased st the center negion and increased near the bottom
and top walls of the cavity. The streamline patterns overall
indicate that the velocity of YAl — Ha0 nanofluid in the
enclosure is higher than that of y-Alz0: — C3He(h nanofluid.

Figure 11 represents the isotherms of p-Al;0h — H0 and
ALy — CaHy nanofluids inside the cavity with differ-
ent Reynolds number valwes. The heat transfer characteris-
tics of y-Alzs — K20 nanofluid for various Reynelds num-
ber values are presented in Figure 11{A). As seen in Figure
LIA-T), when Re =2, the energy transmission within the cav-
ity is suppressed. The impact of the hot slits and cold slits
are more propounced in their neighborhoods. When Re = 5,
the impact of the hot slits dominates the impact of the cold
alits at the center region and greater heat transfer is observed
a4 illustrated in Figure | 1{A-I1). When Re = 10, the impact
of the hot slits is predominant ai the center region which is
demonstrated in Figare 11(A-IT). The results revieal that the
energy transmission is significantly enhanced for magnifying
the Beynolds number e, with greater inertial force relative
o viscous force in the regime. The heat wransfer character-



iatics of y=Al0y — C;Hp( nanofluid is presented in Figune
LI{B). It iz noticed that the impact of the cold slis s con-
siderably decreased, and the energy ransmission is amplified
for augmenting the Reynolds number. The impact of the hot
slits is more propounced with higher Reynolds number val-
wes. It is observed that the energy ransmission efficiency of
YAl — CxHg 0 nanofluid is higher than p-Al:05 — Ha ()
meanofluid.

G. Charactenstics of Nusselt number distribution

The impact of volume fraction on local heat transfer raie is
displayed in Figure 12. The local Nusselt number profiles ane
enhanced with magnifying volume fraction of nanoparticles,
More variations are noticed in the case of y=Al0y — CoH 0,
manoliguid compared o F-Alx0h — Ha() nanoliquid.  The
characieristics of mean heat transfer rate for varions vol-
ume fractions are presented in Table V. As observed, obvi-
ously there is a very substantial difference in the heat transfer
rate computed with different base-fluids (Ha) & CaHeth).
Inn the absence of nanoparticles, there is a 382 - 89% diffier-
ence i the mean heat ransfer mig of p-Akds — B0 and
P-ALOy — CoHg 0, nanofluids. The heat ransfer rate of
YAl — CxHg 0 nanofluid is higher than p-Al:05 — Ha )
manofluid. When 3% of y-Al04 nanoparticles ane suspended
into Ha and C2He)z base-fuids, the mean heat transfer rate
of y-Aly — CoHe 0> nanofluid is 410-915% higher than that
of p=Ala0h — H2 0 nanofluid. When 5% of Al Oy nanopar-
ticles are suspended imbo Hy( and C; Hgid; base-fluids, the dif-
ference in the mean heat ransfer rate between y=Al20s — Ha ()
and y-AlL 0y — CoH 0, nanofluids 15 increased o 450- 43%.
I addition, compared o the base-Auids B0 and CaHei):,
the Atz — Hul and Al — CaHg (0 nanofluids have
higher average heat iransfer rates. Hence, the presence of
manoparticles considerably boosis the energy iransmission
characteristics of the base-fuids.

The heat sinkfsource parameter’s impact on local heat trans-
fier rate s presented in Figure 13, The local Nusselt num-
ber profiles are enhanced with magnifying beat source values
({2 = +6] whereas they are suppressed with increasing heat
sink parameter valoes (2 = —6). The case of 0 = 0 implies
an absence of either heat source or sink. Greater variations
are computed in the case of p=Al0; — B0 nanofluid com-
pared o p-Al2(h — CaHs0h nanofluid. The characteristics of
mizan heat transfer rate for various heat sinkfsounce parameter
values are ilustrated in Table VI In the presence of heat sink,
the average heat ransfer rate of y=-AlL0y — Hy(? nanofluid is
450 - 43% lower than Al — CiHe): nanofluid. In the
absence of heat sinkfsounce, the average heat ransfer rate of
YAl — CaHe (O nanofluid is 305 - 85% higher than that of
F-Al; 3 — Ho 1 nanoliquid. In the presence of heat source, the
average hear ransfer rate of y-Alz0: — CaHetd: nanofluid is
194 - 92% higher than y-AL O3 — Ha0 nanofluid. Therefore,
there is a huge varigtion 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 nomber values on local and
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pean heat transfer rates is presented in Figure 14 and Table
VI, respectively. The results reveals that a slight enhance-
meznt is observed for magnifying the Ecken number values,
indicating that viscous heating and Joule heating do exent an
influznce on the heat ransfer charactenistics.

V. CONCLUSIONS

Inspared by the emerging applications in magnetic nano-
raterials processes and hybrid electromagnetic nanofluid fuel
cells, the current work has presented a numerical investiga-
tion of the cormbined effects of viscous dissipation and ohmic
heating on magnetohydrodynamic (MHD) mixed convection
y-Al0: — Ha20 and p-Al:08 — CaHe0r nanofluids ranspont
inside a cavity under the impact of inclined magnetic field.
The Tiwari-Das nanoscale mwodel 15 adopted with different
correlation models deploved for thermal conductivity, dy-
namic viscosaty, and effective Prandidl number formulations
for the thermaophysical properties of nanofluids. At the cen-
ter of the right and left walls of the enclosure, hot slits are
included. At the cemter of the top and bottom walls, cold slits
are located. Other pomions of the cavity are considered as
adiabatic. The ransformed dimensionless momentum and en-
ergy equations are solved by applying a stable, accurate, finite
difference MAC method. Validations with earlier study are
included. The key observations from the simulations are sum-
mkarized as follows:

[. Asthe magnetic feld strength is increased (e with in-
creasing Hartmann number), the density of the stream-
lines along the walls decreases, indicating that the ve-
Loscity diminishes in these areas. In addition, as the Han-
meann number is increased, the center of the circulation
cell is observed o migrate Wwards wammer fegions in-
side the enclosure.

1 Increasing values of the Darcy number (6. e. for greater
permeability of the porous medium), has the iendency
to increase the magnitudes of the inner circulation cells
in the y=Alz (0 — Ha00 nanofluid case and the inner cir-
culation cells are expanded to the central 2one of the en-
closure in the y-Al:08 — C2Hg O case. This indicates
theat the Aow acceleration and circulation inensification
is generated at the middle of the enclosure with incre-
meznt in the Diarcy number.

3. Heat transfer is notably increased with an increment
in the heat source parameter; whereas it is suppressed
with hest sink parameter.  The impact of the hest
absorpiion generation parameter is more dominant in
T-Aly — Ha O nanofluid case compared to y-Alz0h —
CalHg (0 nanofluid case.

4. The heat transfer rate of y-Aly0y — CoHe O nanofluid is
mearkedly higher than y-Al 0 — M2 nanofluid. When
5% of y-Al0; nanopamicles are suspended into HyO
and CaHe(0> hase-fluids, the difference in the mean heat
transfier rate of Al 0y — Hao0 and w-ALO; — G H 0,
nanofluids is increased to 450 - 43%.



TABLE V. Mean heat tramsfer rale varations with different values of volume fraction parameter

Pertinent Parameler '.I"ﬂ.f:ﬂ]_ —H_1ﬂ :I‘-."-.I'Jﬂ]_ —I'.__1HﬁI'J_1
=000 132595431 1011331 GA0302 1254584748
=003 L A9G23600761 1164 THSUTAR]1 42773325
=005 L GASR14975 2705 Q. 1602AM3 16562142

TABLE V1. Mean beal transfer rte variations with different values of beat spurce/sink parameter

Pertinent Parameter r—..”:ﬂ!_ —Hjﬂ' :I'-.'UJD!_ —I'.-_1HﬁI'J_1
d=-h L 6A5R 149752705 Q1AM 16562142
=0 2 IRIRITI A04THERD QL IGRAT 1954320264
=6 L ITTO0S0R02 14399 QLIALTHOSIR 1021 19

5 The local Musselt number profiles are enhanced for
magnifying the heat source parameter values bun de-
pleted with greater heat sink parameter values. More
significant modifications are observed in the case of
AL — Ha0) panoliquid. When the heat soufce is
presend, the average heat ransfer rate of AL, -
CaHetd: nanofloid is 194 -92% higher than that of
ALy — Hy nanofloid, indicating an impressive
thermal enhancement with the existence of heat source.

The present research has demonsirated some fascinating char-
acteristics of forced, natural and mixed convective magneto-
meanofluid fow inside a porows medivm enclosure using differ-
ent base-fluids with a single type of nanoparticle | y-alumina).
The MAC alzorithm has been shown o be very precise and
alaptable for simulating such problems of relevance to elec-
troconductive nanofluid materials processing operations and
hivbrid magnetic nanoe-fuel cells.
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Figure A

FIG. 3. Streamlines of (A)y— Al Oy — Hy 0 and (B)y — Als 0 — CyHy O, for different values of () Ha = 10, (1) Ha = 50, (111) Ha = 100.

Figure A

Theaniiet 78,0, 40

FIG. 4. Streambines of (A)y — AhO; — Ha0 and (B)y — Al O3 — CsHg 05 for different values of (f) Da = 1073, (1) Da = 1072, (1)
Da=10"".
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FIG. 6. Streamlines of A}y — Al 0y — Hy 0 and | B)y— Al 0y — C2Hg 0, for different vabues of (1) & = 0%, (1) & = 3%, (II]) & = 5%
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Figure A
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FIG. 7. Isotherms of (A)¥— Al — Hy0 and (BYy— Aly0y — CoHy0; for different values of (1) & = 0%, (I1) & = 3%, (1) ® = 5%,

Figure A
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FIG. 8. Streamlines of [A)y — Aly0; — Hy0 and (B)¥— Al — CuHg 0 for different values of () B = 0.01, (1) Ri = 1, (1) Ri = 100,
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FIG. 9. Isotherms of (A) Y- Al O — Hy0 and (B)y — Al — C2Hy 05 for different values of (1) Ri = 0.01, (1) Ri = 1, (11} Ri = 100.
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FIG. 10. Streamlines of (A)y - Al O — Hy0 and (B)y - A0 — CyH 0, for different values of (1) Re = 2, (1) Re = 5, (111} Re = 10.
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