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In this work, we have considered steady laminar magnetohydrodynamics (MHD) mixed convection flow of an electrically conducting fluid
in presence of Al, 05 nanoparticle while water is the base fluid in a vertical square duct. The walls of the duct are thermally insulated. In
the energy equation, the effect of viscous dissipation and Joule heat are also considered. In this case, the walls of the duct are kept at a
constant temperature. By using dimensionless quantities, the governing equations of momentum, induction, and energy are first
transformed into dimensionless equations and then the reduced equations are solved using an explicit finite difference approach. The
velocity, temperature, and induced magnetic field profiles are plotted graphically to analyze the effect of different flow parameters. It is
observed that the nanofluid motion expedites with the increase of the value of the magnetic parameter, Reynolds number, and Prandtl
number. The current research may find its application in the numerous industrial as well as cooling sectors. This study observed its
importance with the view to increasing the heat transfer efficiency for practical applications relevant to industry and engineering issues.
The issues discussed in this study have not been included in the earlier investigation for steady nanofluid flow due to a square duct.
Keywords: Nanofluids, Explicit finite-difference numerical method (EFDM); MHD flow, Buoyancy force; Mixed convection; square
duct; Heat transfer;, Magnetic field

PACS: 44.20.+b, 44.40.+a, 44.30.+v, 47.11.-j, 47.11.Bc

1. INTRODUCTION

Nanofluids which have a wide range of applications in industry are defined as suspensions of solid nanoparticles in
some form of organic or inorganic materials in basic fluids which are mainly utilized for heat transfer applications. These
nanoparticles improve the heat transfer performance by raising conduction and convection coefficients which enables
them to be more effective in various applications. The currently available heat transfer fluids which are used for these
purposes including water, ethylene glycol mixture, engine oil, etc., possess poor heat transfer capability. In recent times,
the consideration of nanofluids in engineering and industrial applications has drawn a lot of attention from scientists due
to their improved thermal properties and advantageous heat transfer characteristics without any pressure drop. As a result
of their large thermal conductivity, nanofluids are used in place of base fluids as working fluids nowadays. Mixed
convection flow is the combination of forced and natural convection flows. Further, mixed convection flow in a channel
or duct is encountered in the Dual-Coolant Lead-Lithium (DDCL) flow for fusion power as a tritium breeder and many
industrial applications and engineering devices such as a cooling systems for electronic components and reactors. Choi
and Eastman [1] introduced the concept of nanofluids and presented impressive results with many possibilities for usage.
Nanofluids are new classes of nano-technology-based materials concerning nanoparticles (Inm to 100 nm) dispersed in
base fluids. These heat transfer fluids have promoted great interest among researchers in the last few years, mainly due
to their potential applications. The nanofluids have higher thermal conductivities in comparison to the base fluids, which
could result in higher heat transfer rates.

Convection process in a square duct is relevant to certain heat transfer engineering applications acting as electronic
equipment, food drying, heat exchangers, cooling, and nuclear reactors. Experimentally and numerically in recent years,
many researchers have studied natural convection and mixed convection in a square duct under a wide range. The mixed
convection of Al,03/water nano fluid interior of a square duct accommodates boiling quadrilaterals obstacles on its
bottom wall considered by Doustdar and Yekani [2]. Mixed convection flows in a square duct partially heated from below
using nanofluid were studied by Mansour et al. [3]. The results of a numerical study on the mixed convection in a square
duct filled with a Al,0;/water nanofluid was investigated by Ghasemi and Aminossadati [4]. They concluded that the
heat transfer rate can be reduced by adding a considerable amount of nanoparticles into the distilled water cases of upward
and downward sliding walls. Abu-Nada and Oztop [5] investigated the effect in natural convection processes with
nanofluid which are enclosed in containers. Hemmat Esfe et al. [6] studied the heat transfer and Mixed-convection fluid
flow of an Al,03/water nanofluid with effective thermal conductivity and viscosity is dependent on temperature and
nanoparticle concentration core of a square duct. Their results stipulated that adding Al,03 nanoparticle produces an
extraordinary enhancement of heat transfer concerning that of the unmixed fluid. The effect of the Prandtl number and
Reynolds number for laminar mixed convection in a top wall moving, the bottom heated square duct was discussed by
Moallemi and Jang [7]. They investigated that when Reynolds number and Grashof numbers were kept constant,
increment of Prandtl number enhanced the heat transfer rate. The mixed convection in a square duct having a side wall
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moving and a local heat source at the bottom wall was investigated by Yang and Aydin [8]. Analyzed mixed convection
for a square duct with both side walls moving by Dagtekin and Oztop [9]. They conducted the study for three different
configurations based on the direction of moving walls. Wong and De Leon [10] carried out a review paper detailing the
current and future applications of nanofluids. Li et al. [11] investigated the forced convective heat transfer of nanofluids
in solar collectors during the day and night, with distilled water and nanoparticles of Al, 03, Zn0, and MgO. The nanofluid
achieved a 3°C temperature difference during the daytime peak solar radiation compared with the base fluids. With a
concentration of 0.2% ZnO0, a temperature difference of 2.55°C for daytime and 1°C for nighttime was reached, and
this was determined to be the most attractive option for solar energy utilization. Tooraj et al. [12] witnessed a 28%
performance improvement in a flat plate collector when it was operated with Al, 03 /water nanofluids. Otanicar [13]
studied the economic and environmental influences of using nanofluids to enhance solar collector efficiency with
conventional solar collectors. The thermophysical properties of the nanofluid are calculated density by Pak and Cho [14],
and thermal conductivity by Yu and Choi [15]. The specific heat of the nanofluid is calculated by Xuan and Roetzel [16].
The 3D flow of MHD nanofluid with varied nanoparticles including Fez 04, Cu, Al,03 and TiO, and water as the base
fluid past an exponentially stretched surface was discussed by Jusoh et al. [17]. Hung et al. [18] indicated that
Al, 03 /Water nanofluids require less pumping power, followed by CuO/Water nanofluid and TiO, /Water nanofluid
for 1% nanoparticle volume concentration. The computed numerical results are presented graphically for velocity,
temperature, and induced magnetic field for different flow parameters.

Sheikhpour et al. [19] examined the role of nanofluids in drug delivery and biomedical technology. Majumder and
Das [20] presented a short review of organic nanofluids preparation, surfactants, and applications. Dehaj et al. [21]
observed the efficiency of the parabolic solar collector using NiFe,0,/water nanofluid and U-tube. Sivaraj and
Banerjee [22] studied the transport properties of non-Newtonian nanofluids and applications, and Thumma et al. [23]
examined that generalized differential quadrature analysis of unsteady three-dimensional MHD radiating dissipative
Casson fluid conveying tiny particles. Lahmar et al. [24] analyzed heat transfer by squeezing unsteady nanofluid flow
under the effects of an inclined magnetic field and variable thermal conductivity. Rosca and Pop [25] studied hybrid
nanofluid flows determined by a permeable power-Law stretching/shrinking sheet modulated by orthogonal surface shear.
Selimefendigil and Oztop [26] examined thermal management and modeling of forced convection and entropy generation
in a vented cavity by simultaneous use of a curved porous layer and magnetic field. Jamshed studied [27] the numerical
investigation of MHD impact on Maxwell nanofluid. Jamshed et al. [28] observed the computational framework of
Cattaneo-Chritov heat flux effects on Engine Oil-based Williamson hybrid nanofluids. Jamshed studied [29] that thermal
augmentation in solar aircraft using tangent hyperbolic hybrid nanofluid: a solar energy application. Rao and Deka [30]
took the Buongiorno model to analyze the heat and mass transfer phenomena of Williamson nanofluid past a moving
cylinder. Recently, Rao and Deka [31] made a numerical investigation on the unsteady MHD Casson nanofluid flow
caused due to a porous stretching sheet and found that thermal radiation played a very important role in the heat transfer
character of the fluid.

Yusuf et al. [32] investigated entropy generation on flow and heat transfer of a reactive MHD Sisko fluid through
inclined walls with a porous medium. Hamzah et al. [33] studied MHD mixed convection and entropy generation of CNT-
water nanofluid in a wavy lid-driven porous enclosure at different boundary conditions. Khan et al [34] analyzed the
analytical assessment of (Al,O3-Ag/H,0) hybrid nanofluid influenced by induced magnetic field for second law analysis
with mixed convection, viscous dissipation, and heat generation. Ahmed and Pop [35] investigated mixed convection
boundary layer flow from a vertical flat plate embedded in a porous medium filled with nano-fluids. Malvandi and
Ganji [36] studied the mixed convection of alumina-water nanofluid inside a concentric annulus considering
nanoparticle migration. Tayebi et al. [37] studied the Magnetohydrodynamic natural convection heat transfer of a
hybrid nanofluid in a square enclosure in the presence of a wavy circular conductive cylinder. Shah et al. [38] examined
radiative MHD Casson nanofluid flow with activation energy and chemical reaction over past nonlinearly stretching
surfaces through entropy generation. Rajesh et al. [39] observed that hydromagnetic effects on hybrid nanofluid Cu —
Al, 05 /water flow with convective heat transfer due to a stretching sheet. Molli and Naikoti [40] studied the MHD
natural convective flow of Cu/water nanofluid over a past infinite vertical plate with the presence of time-dependent
boundary conditions. Khashi [41] concludes that flow and heat transfer of hybrid nanofluid over a permeable shrinking
cylinder with Joule heating. Alighamdi [42] studied the boundary layer stagnation point flow of the Casson hybrid
nanofluid over an unsteady stretching surface. Shahzad et al. [43] observed computational investigation of magneto-
cross fluid flow with multiple slips along wedge and chemically reactive species, and Ibrar et al. [44] discovered the
interaction of single and multi-walls carbon nanotubes in magnetized-nano Casson fluid over radiated horizontal
needle. Lund et al. [45] analyzed the effects of Stefan blowing and slip conditions on unsteady MHD Casson nanofluid
flow over an unsteady shrinking sheet. Recently, Rao and Deka [46] studied the numerical investigation of transport
phenomena in a nanofluid under the transverse magnetic field over a stretching plate associated with solar radiation.
Rao and Deka [47] investigated numerical solution using EFDM for unsteady MHD radiative Casson nanofluid flow
over a porous stretching sheet with stability analysis.

The present paper aims to investigate the laminar steady MHD mixed convection flow of an electrically conducting
fluid in a vertical square duct in the presence of a strong transverse magnetic field using a finite difference scheme. The
walls of the duct are assumed as thermally insulating and walls have a constant temperature. The local balance equations
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of momentum, magnetic induction, and energy are solved numerically by the finite difference method using the Hartmann
number (Ha), Grashof number (G,), Reynolds number (R,), Prandtl number (B.), and magnetic Reynolds number (R,,,)
as the parameters. The computed numerical results are presented graphically for velocity, temperature, and induced
magnetic field for flow parameters.
e To consider a suitable mathematical model involving governing equations and boundary conditions for the
nanofluid MHD flow across the square duct.
¢ Nondimensionalization of the governing equations and performance of the explicit finite difference method.
e Plotting graph for the velocity, temperature, and induced magnetic field distribution for different physical
parameters.
e We will compare the obtained results with previous work to validate the efficiency of the numerical approach.

Table 1. Thermo-physical numerical values of water (H,0) and aluminum (Al,03)

Density (p) Specific heat capacity (C,) | Thermal conductivity (k) Electrical conductivity (o)
Al, 04 3970 765 40 35x10°
H,0 997.1 4179 0.613 0.05

2. MATHEMATICAL FORMULATION AND SOLUTIONS
Description of geometry
The steady laminar flow of a Newtonian fluid in a vertical square duct with a uniform horizontal magnetic field of
constant intensity B, applied transverse to the duct walls is considered.

AN

a

N

Figure 1. Physical model and the coordinate system

Let a be the length of the cross-section of the duct. It is assumed that the fluid occupies an area between x = 0, x = a;
and y =0, y = a. The flow is to be consumed by a constant pressure slop {;—Z and is constrained to proceed in the

z-direction. T, is a uniform temperature at the walls of the duct is simulate. By the axiom of fully developed flow, the
velocity and temperature fields are side by side, and the only non-vanishing fundamental of velocity and temperature
V,(x,y) and T(x,y) are side by side to the duct axis and independent of the perpendicular coordinate. The uniform
horizontal applied magnetic field of force B, acts along the y-direction and it induces a magnetic field B,(x,y) in the
flow direction. In this study, an electrically conducting fluid flows along the axis of the duct under the influence of an
externally imposed driving pressure gradient and the Lorentz forces caused by the interaction of the flow with the uniform
magnetic field, directed along y. Buoyancy forces, caused by density changes that result from temperature variation, can
easily be included thus giving rise to mixed MHD convection.
The following assumptions are made in this study:

e The flow is steady, fully developed and fluid is Newtonian.

e The duct is considered to be infinite so that all the fluid properties except the pressure gradient are independent

of the variable z.

The velocity Vv, magnetic field B and temperature T shall be the ensuing form

V =1{0,0,V,(x,y)}, B={0,B,,B,(x,y)}, T=T(x,y)

3. GOVERNING EQUATIONS
The equation of continuity is

(v.V)=o. M
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The Momentum equation is

pur |5+ (V.9)V| = =Vp + V2V + (T x B) + g (0B (T — T,).

Maxwell’s equation is

V.B =0,
V x E = (He)nfj-
Ohm’s law:
[ = n (B +7 x B).
The magnetic induction equation is given by
aE - — -
— = VX (VX B) + 1,,V°B.
Now using equations (1) and (3) in (6) we have
aE — — - - —
=+ (V.V)B = (B.V)V + 1,,V*B.
The energy equation or temperature equation:

9 — 2
Co),.s [a—: +(V. V)T] = Knf V2T + piypp + Gfo

where
HUnf
an = P_nf
1
Adpg=——.
nf onf(ledns

Brinkman's [48] model for the dynamic viscosity of nanofluid is

—__ ¥
Hnp = (1-¢)25°
Following Khan [49], the effective density of nanofluid is considered as
=[1- &] .
Pnf [ ¢+ ¢ Py Pr
The effective magnetic permeability of nanofluid is given by

edny = [1= 9+ 9 22| (o).

Maxwell [50] gives the electrical conductivity of nanofluid

_ 3(c-1)¢
nf = [1 (c+2)—(o— 1)¢] f

The heat capacitance of the nanofluid is given [51] by Khanafer
(o p)
(06, = [1-0+ 6 Z2% 03,
The thermal expansion coefficient of nanofluid is

PBIny = (L —P)(pB) s + d(pp)s.

Maxwell-Garnet determined the thermal conductivity of nanofluid

- ks+2ks—2¢(kp—ks)
T [kst2k o (kp—ks)

where kg and kg are solid and fluid thermal conductivity respectively.
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(14)
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Using velocity, temperature, and current density distribution stated above for steady case, equations (2), (7), and (8) give
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1 oB _ Ps _ _ a_p _
(1_¢)2.5 f [axz ] [1 ¢+¢(H8)s —+ [1 d) + ¢pf] pf gﬁf(T To) 9z - 0:
(pe)

(ne)f
1 9%B  9%B v

(o) 30-1¢ ax2 ' ayzl T Pogy
[1 4’*‘1’(#8)5] wols [+l °f

ks+2k p~2(kp—ks) 22T 1 (a_v)z (6_V)2
[ks+2kf+¢(kf—ks) Ky ax2+ +(1 ¢>)25M ax + dy +

1 3(c—-1)¢ [(Z_i) + (g_i)z] =0.

(1e)
((ke)y) [1 lakarmy [ *Gro-w-08 °f

=0,

The corresponding boundary conditions are:

VZ=OJ BZ=0: aty=0,

T=T,
V,=0 B,=0, T=T, aty=a,for0<x<b,
T=T,

NS

=0, B,=0,
=0, B,=0, T=T, atx=a, for0<y<bh.

atx =0,

N~

The above equations (18), (19), and (20) can be transformed into dimensionless parameters that are defined

T-T,

V== B=—T=—"2
AT

Y=

S [ons 90\, _ @ o ap VS
Where BO a (.ue)nf Prfvn fazll/o - Prfns aZ’AT - Cp’

Using dimensionless quantities (22) in equations (18), (19), and (20) and release bullet, become

QIH
n|‘<
SIN
F|w

3(c-1)¢ 19f .5
Ba?[1+ ot —(o- 1)¢] (-¢y

oo

gﬁfa (T-Tp) Yr +1=0,

3(o-1)¢ v2 "Voa
(”e)f[“(ﬁz) (o 1)¢]"f f ?

Voa

92B 3(o-1)¢ v

o°b 62_3 _ (ue)s ar _
ax? + dy? +hoa [1 ¢+¢ (#e)f] ('ue)f [1 + (o0+2)-(o-1)¢ O ay 0,
o | 0T HrCp I IGANCIAY
dx2 + y2 + 125k ks+2kf—2¢(kf—k5) " CpAT [(ax) + (631)
(A=9)% ks ks+2k g+ (k p—ks)
3(0-1)¢ 19f
R e e M Wy V2 [(6_3)2 N (0_3)2] o

2 1_¢+¢(ﬂe)s [ _ 3(o-D¢ 2 204,)2 k5+2kf—2¢(kf—ks) ' kg " CpAT | \ox dy
g welp| I er2-o-0¢l S |eciaierg(k—ks)
Let

1 Ps (He)s 3(c-1)¢
E, = 1- E 1- =|1+——| E: =
1= g B [ ¢+ ] 3T [ P+, )] [ +(U+2)—(6—1)¢]’ > [ ¢+¢(p6p)f

ks+2ks—2¢(kp—ks)
ks+2kp+d(kp—ks) |’

Therefore, the equations (23), (24), and (25) in terms of E;, E,, E3, E,, E5, Eg are

a%v Ha? E,
— — — T 1=0,
dx2 ay2 + R E1E3E4 ay + +

a%B
0x2

92T = 92T L E v av\2 Ha?P, E aB\?2
e [ @] ot 2
axz ' ay? ox dy R, ESEZEg ox

a%B v
+ﬁ+ RmE3E4$ = 0,

where

(p p)

(18)

19)

(20)

2]

(22)

(23)

(24)

(25)

(26)

@7n

(28)
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Ha = B,a /;—f, is the Hartmann number,
f

T-Tp)a .
G, = gﬁf(v—zo)a, is the thermal Grashof number,

f

C .
P = #I’:—p, is the Prandtl number,
f

R, = %, is the Reynolds number,
f

and
Ry, = V,a(u,) oy, is the magnetic Reynolds number.
The corresponding boundary conditions (21) gives

V=0 B=0, T=0, wheny=0,

V=0 B=0, T=0, wheny=1,
(29)

V=0,

B T=0, when x=0,
V=0, B

01
0,0 T=0 when x=1.

4. NUMERICAL TECHNIQUE AND GRID INDEPENDENCE STUDY
The dimensionless governing equations (26), (27), and (28) along with the boundary conditions (29) were discretized
using the finite difference technique. In this numerical procedure, the computational domain is divided into a uniform
grid system. Both the second-derivative and the squared first-derivative terms are discretized using the central
difference of second-order accuracy. The finite difference form of 02V /0x? and dV /dx, for example, were discretized

2 . L P . . . R, § % .
as ZTZ = % + 0(Ax?) and z—z = V“’#X““ + 0(Ax?), respectively. Therefore, the resultant difference
equations become
Vi = As (Vi Vi_y ) + Aa (Vs + Vij_, ) + As (Buj, .= Buj_, ) + As(Tij ) + 4 31)
2
Tyj= A3(Ti+1'1'+ Ti—l'j) +4, (Ti’i+1+ Ti’f_1 ) + AlZ(Vi+1’f_ Vi—1’1’) + 32)
2 > 2
Aqz (Vi'j+1_ Viij_, ) +A14(Bi,j— Bi_yj ) + Ass (Bi'j_‘_l_ Bij_, ) .
Ha®* E, G, k? h? Ah?k A,h2k?
A =—— y e =0 A= oy A = oy As T S ey A6 T gz oy
R,, E E-E, R, 2(h% + k2) 2(h% + k2) 2(h? + k2) (h? + k?)
_ h%k? _ _ Agh’k _E __Ha%’P, E, _ Agok?
Ay = h2+k2’ Ag = RmE3E, Ao = 2(h2+k2)’ A1o = Ee B A= RZ, EZE2Es’ 12 7 a(n?+k?)’
A =100 Ty M T e r ey A5 T I kD
4(h? + k2) 4(h2 + k?) 4(h? + k?)
are constants, Ax = h and Ay = k.
The corresponding discretized boundary conditions are:
Vin=0, B;,1 =0, Ty =0, when j =1,
Ving1=0, Binyy =0, Tiyp,y =0, when j=n+1, forl<ism+1,
Vi,;=0,  By;=0, T,;=0,  wheni=1, (33
Ve1i=0, Bimyy =0, Tipmy =0, wheni=m+1, forl<j<n+1.

Using boundary conditions (32) the values V;,;, B;,; and Tj,; in the equations (30), (31), and (32) with the parameters
(Ha), (R,), (B), (R.), (G,) have been iterated. We have repeated the process, till the converged solution for V;,:, B;
and Tj,; in the grid system are obtained.

1jr ’j

5. RESULTS AND DISCUSSION
To obtain some physical insight into the problem, a numerical simulation has been constructed to justify the effect
of various physical parameters that governed are by the system with the inclusion of various physical situations, on the
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fluid variables, such as velocity, temperature, and induced magnetic field. The effect Hartmann number (Ha), Thermal
Grashof number (G, ), Reynolds number (R, ), Prandtl number (P.) and magnetic Reynolds number (R,;) on the velocity,
temperature, and induced magnetic field profiles are shown graphically.

The velocity profile of Al, 05 /W ater nanofluid for different values of Hartmann number (Ha) is shown in Figure 2.
It is observed that a rise in the Hartmann number causes a decrease in the velocity profile. This is due to the fact that when
a magnetic field is applied to an electrically conducting fluid a Lorentz force is produced. This force retards the fluid
velocity in the boundary layer region as the magnetic field opposes the transport phenomena.

-3

025 . . . . . . . . . 10
7 X
———AI203 at Ha=1.0
02t 1 AI203 at Ha=2.0
Al203 at Ha=3.0
015} i
o
‘? =
z E
3 ——AR203 at Ha=1.0 3
> A203 at Ha=2.0 3
0.1 i 8
/ — A203 at Ha=3.0
005} i
. i . . . 3 o i : : .

0 L L ) L L L 1 )
0 002 004 006 008 01 012 014 016 018 02 0 02 04 06 08 1 12 14 16 18 2

X > X >

Figure 2. Effect of Hartmann number (Ha) on the velocity Figure 3. Effect of Hartmann number (Ha) on the temperature
profile, when Ha =2,P.=0.71,R,, =10,G, = 2,R, = 10, profile, when Ha =2,P, = 0.71,R,, = 10,G, = 2,R, = 10,
h =k =10.001,m=n=200,¢ =0.02,kf = 40,k; =0.613 h=k=0.01,m=n=200,¢=0.02k =40,k; =0.613

On the other hand, in Figure 3, it is observed that the temperature distribution in the boundary layer region increases
with the increase in Hartmann number (Ha). According to the Lorentz force effect, the flow encounters frictional
resistance, which causes the boundary layer to heat up. In consequence, the temperature profile increases as (Ha) increase.
The effect of magnetic fields on nanofluid has many industrial applications in the cooling sector also.

The effect of thermal Grashof number (Gr) on the velocity profile of Al, 03 /Water nanofluid is shown in Figure (4).
Thermal Grashof number can be defined as the ratio of thermal buoyancy force to the viscous force in the boundary layer
regime. With large values of this parameter, buoyancy dominates, and for small values viscosity dominates. In the above
figure the velocity of Al,0;/Water nanofluid is found to increase with the increase in thermal Grashof number (G,.).
This means that the buoyancy force accelerates the velocity field. An increase in the value of the thermal Grashof number
tends to induce much flow in the boundary layer due to the effect of thermal buoyancy. Again, it is found in Figure 5 that,
the temperature of Al,0;/Water nanofluid decreases with the increase in thermal Grashof number (G,.). This means that
buoyancy force reduces the temperature field.

x 107 ]
3 ——— —— oL —
18}
25} .
16}
14}
2t _
@ 12
s, S
% 15 N %,_ 1k
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Figure 4. Effect Thermal Grashof number (G,) on the velocity —Figure 5. Effect Thermal Grashof number (G,.) on the temperature

profile, when Ha =2, B.=0.71, R, =1, G, =6, R, = 1.5,
h=k=0.01,m=n=200,¢ = 0.02, kr = 40,k; = 0.613

profile, when Ha = 100, P. = 1.0,R,, = 10,G, = 2, R, = 1.5,
h =k =0.001,m =n=200,¢ = 0.02,ks = 40, k; =
0.613
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Figure 6 shows the variation of the velocity field of Al,0;/Water nanofluid for various values of Reynolds number
(R.). It is defined as the ratio of inertia force to viscous force. The Reynolds number depends on the relative internal
movement due to different fluid velocities. For fluid flow analysis, the Reynolds number is considered to be a prerequisite.
When viscous force dominates over the inertia force, the flow is smooth and at low velocities, the Reynolds number value
is comparatively less, therefore velocity with Al,05;/Water nanofluid decreases as Reynolds number increases. Again
Figure 7 shows the variation of the temperature field of Al,0;/Water nanofluid for various values of Reynolds number
(R.). It is seen that the temperature field increases as the (R,) increases, and thus the rate of heat transfer is enhanced.
However, the Reynolds number starts to decrease with temperature when the temperature exceeds the critical value
depending on the corresponding concentration.
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Figure 6. Effect Reynolds number (R,) on the velocity profile, Figure 7. Effect Reynolds number (R, ) on the temperature profile,
when Ha=5, B =071, R,=5G6,=2,R, =10, h= when Ha=2 P =693 R,=10, G, =2,R, =10, h=
k =0.001, m =n =200,¢ = 0.02,kr = 40,k; = 0.613 k =0.01, m =n=200,¢ = 0.02,kf = 40,k; = 0.613.

The effect of Prandtl number (PB.) on velocity and temperature profiles is demonstrated graphically in Figures 8
and 9, respectively. It can be observed that the velocity of the nanofluid flow inside the boundary layer region increases
whereas the temperature profile decreases due to an increase in Prandtl number (P.). Prandtl number is the ratio of
momentum diffusivity to thermal diffusivity. With a higher value of the Prandtl number, the momentum diffuses more
rapidly than the heat, indicating that fluids with a higher Prandtl number have low thermal conductivity and a thinner
thermal layer structure. This results in the temperature in the boundary layer region to decreases with the increase in the
Prandtl number owing to the increase in the heat transfer rate of the fluid.
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Figure 8. Effect Prandtl number (P.) on the velocity profile, Figure 9. Effect Prandtl number (P.) on the temperature profile,
when Ha=2, P.=693,R,=5 G =2 R,=1, h= when Ha =100, P, =071, Ry, =10,G, =2, R, =1, h =
k=0.01, m =n =200, ¢ =0.02, kf =40, k; =0.613 k=0.01,m=n=200,¢ =0.02,kf = 40,k; = 0.613

Figure 10 shows the variation of the velocity field of Al,03;/Water nanofluid at various values of magnetic
Reynolds number (R,,). It can be seen that the velocity profile rises with the increase in magnetic Reynolds number.

Again, Figure 11 shows the variation in the temperature profile of Al,0;/Water nanofluid at various values of
Magnetic Reynolds number (R, ). The magnetic Reynolds number is the magnetic analog of the Reynolds number, which
is a fundamental dimensionless group that occurs in magnetohydrodynamics (MHD). It gives an estimate of the relative
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effects of the advection or induction of a magnetic field by the motion of a conducting medium, often a fluid, to magnetic
diffusion. Therefore, the temperature profile decreases as the value of (R,;,) increases.
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In Figures 12 (A), 12 (B), 12 (C), and 12 (D), the distribution of induced magnetic field B for mixed convection
with the transverse magnetic field are plotted for Ha = 100, G, = 100; Ha = 200, G, = 100, Ha = 300, G, =
100; Ha = 400, G, = 100 and other parameters are fixed. It is observed that B becomes flattened for increasing values
of Hartmann number Ha. Moreover, current lines and magnetic fields are almost orthogonal in almost all the duct cross-

sections.
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6. CONCLUSIONS
In the present exploration, we have made an investigation over the nanofluid flow (with base fluid water and

nanoparticles as aluminum) through a square duct under the action of the strong transverse magnetic field. The numerical
results are obtained by implementing the finite difference scheme coded in MATLAB software. The findings are
summarized below:

The velocity profile of the nanofluid declines with the increase in the value of the Hartmann number, whereas it
increases with the increase in the value of the Prandtl number.

The temperature profile of the nanofluid increase with the increase in Hartmann number and Reynolds number.

The temperature profile of the nanofluid decelerates with the increase in the Prandtl number and Magnetic
Reynolds number.

The velocity profile of the nanofluid increase with the increase in the Prandtl number and Magnetic Reynolds
number.

The present study provides a model for enhanced heat transfer phenomena and hence finds its application in the
cooling sector in industries, post-accidental heat removal in nuclear reactors, and heat exchangers. Besides these,
some other important scientific applications of this study may be relevant to manufacturing industries, solar
collectors, and so on.

Nomenclature
a  length of the cross-section of the square duct p  Pressure force
B magnetic field T  fluid temperature
B, applied magnetic field T, wall temperature
C, specific heat at constant pressure V  velocity in the z-direction
Ha Hartmann number X, Y,Z Cartesian coordinates
G, Grashof number B coefficient of thermal expansion
R, Reynolds number pns density of nanofluid
P, Prandtl number oy electrical conductivity of nanofluid
R, Magnetic Reynolds number tns dynamic viscosity of nanofluid
g  acceleration due to gravity
Subscripts
nf nanofluids
f  Base Fluid
s Solid particles of nanofluid
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YHUCJIOBHUIA AHAJII3 MIJI 3SMIIIAHOT'O KOHBEKLIAHOI'O MIOTOKY HAHOPIIUH AL O3/Hz0
(AJIIOMIHIA-BOJIA) Y BEPTUKAJIBHOMY KBAJIPATHOMY KAHAUII
Bimny Pam [Jac, I1.H. [eka, llusa Pao
Daxynomem mamemamuxu, Yuisepcumem [iopyeapx, [iopyeapx-786004, Accam, Inoisa

VY miff po6oTi MM PO3MISHYJH CTAI[iOHApHY JIaMiHapHy MarHitorinpogunHaMiuny (MI'J]) 3MimaHy KOHBEKIHIO €JIEKTPOIPOBiIHOT
pimunu B mpucyTHOCTI HaHOYacTHHOK Al,O3, TOMI SIK BOJA € OCHOBHOIO PiIMHOI0 y BEpTHKAIBHOMY KBaapaTHOMY KaHaii. CTiHKH
BO3J[yXOBO/Ia YTEIUICHI. Y PIBHSHHI €HEprii TaKo)K BPaXxoBYeThCsS e(heKT B'I3KOI IUCHIALI] Ta JHKOyIeBa TeIUIoTa. Y HbOMY BUIIAAKY
Ha CTiHKax KaHaly HiITPUMYEThCS IOCTiiHa TemnepaTypa. BukopuctoByroun 6e3po3MipHi BEIUYUHH, KEPiBHI PIBHSHHS IMITYJIBCY,
iHIYKLIT Ta €Hepril CloYaTKy MepeTBOPIOIOTHCS Ha 6e3p03MipHi PiBHSHHS, a TOTIM CKOPOYEHI PIBHSHHS PO3B’A3yIOThCS 32 JOIIOMOTOI0
SIBHOT'O METOJy KiHIIEBUX pi3HHIb. [Ipodini IBHUAKOCTI, TeMIepaTypyu Ta iHAyKOBAaHOIO MarHiTHOTO mojist OyayroThcs rpadidHo 1t
aHaJi3y BIUIMBY Pi3HMX MapaMeTpiB MoToKy. [loMideHo, 1110 pyx HaHO(IIIOIAY IPUCKOPIOETHCS 31 301TBILICHHSIM 3HAYCHHSI MarHITHOTO
napameTpa, uncia Peiinonbaca Ta uucna Ipanarins. CyuacHi JOCHIIDKEHHS MOXYTh 3HAWTH 3aCTOCYBaHHS B 0araTboX Taly3six
MIPOMHCIIOBOCTI Ta OXOJIOKEHHS. Y IEOMY JTOCTIKEHHI BiI3HAYEHO HOT0 BaXKIIMBICTh AJIS i ABUILIEHHS €()EKTHBHOCTI TeIUIONepenadi
JUISL TIPAKTHYHUX 3aCTOCYBaHb, IIOB’S3aHUX 13 MPOMHCIIOBICTIO Ta TexHiKo0. [Ipo6nemu, ki 00TOBOPIOIOTECS B IIbOMY JIOCIIKEHHI,
He OyJ BKITFOUCHI B TIOTIEPE/IHI TOCIIHKEHHS CTaJIOro MOTOKY HaHO(DIIIOINIB Yepe3 KBaapaTHy TpyOy.

KurwuoBi cioBa: nanogmoiou, senuii uucenvnuti memoo kinyesux pisnuyv (EFDM); MTJ] nomix; cuna summosxy8ants, 3miuana
KOHBEKYis;, KeaopamHuii nogimponposio; menionepeoava; MazHimme noie



