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1. Introduction
The use of magnetic field of high intensity to an ionic liquid having less density, the conduction
normal to the magnetic field is converted to curling of atomic particles and ions related to magnetic
lines of force before occurring the clashing and a current induced perpendicular to both the electric
and magnetic fields, is known as Hall effect. This effect is considered with heat or mass transfer
analysis under the situation where the effect of the electromagnetic force is strong. Hall current is
most prominent on the absolute value and orientation of the current density and thereby on the
magnetic force term. Under the effects of Hall currents the convective flow problem with magnetic
field is significant in view of engineering uses in electric transformers, transmission lines,
refrigeration coils, power generators, MHD accelerators, nanotechnological processing, nuclear
energy systems exploiting fluid metals, blood flow control and heating elements. In case of
magnetic field of high strength and less density of the gas, the investigation of
magnetohydrodynamic flows with Hall current have the best utilizations in the study of Hall
accelerators and flight magnetohydrodynamic. Peristaltic flows have vast applications under the
effects of applied magnetic field in the magnetohydrodynamic feature of blood, process of dialysis,
oxygenation and hypothermia. Exploration of non-Newtonian fluid flows has been the focus of
many scientists due to its vast applications in industries and engineering. Important applications are
exist in food engineering, petroleum production, power engineering, in polymer solutions and in
melt in the plastic processing industries. Hall effect plays an important role when the Hall
parameter is high. Hall parameter is the ratio of electron cyclotron frequency to atom-electron
collision frequency. So the Hall current effect is high when the electron-atom collision frequency is
low [1]. Steady MHD boundary layer flow with free convection over a porous inclined plate was
explored by Alam et al. [2] with variable suction and Soret effect in the existence of Hall current.
Eldahab [3] studied the free convective MHD flow along with the Hall effects through a stretching
sheet. Thamizsudar [4] discussed the impact of Hall current and rotationon the heat and mass
transfer of MHD fluid flowing over an exponentially accelerated vertical plate. Ibrahim and
Anbessa [5] investigated the mixed convection flow of nanofluid with Hall and ion-slip effects
using spectral relaxation method.Raghunath and Mohanaramana [6] studied Hall, Soret, and
rotational effects on unsteady MHD rotating flow of a second-grade fluid through a porous medium
in the presence of chemical reaction and aligned magnetic field. The chemically reactive second
grade via porous saturated space was investigated by Raghunath et al. [7] using a perturbation

technique. Veerakrishna et al. [8] have studied Heat and Mass transfer on Free Convective flow of a
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Micro-polar fluid through a Porous surface with Inclined Magnetic Field and Hall effects.

VeeraKrishna and Chamkha [9] have investigated Hall effects on unsteady MHD flow of second

grade fluid through porous medium with ramped wall temperature and ramped surface
concentration.

The idea of nanofluid was first introduced by Choi [10] in 1995. The homogeneous mixture of
very small particles of size 10—9m and base fluid is called nanofluid. Usually Al, Cu, Ag, T 10>,
Al20; etc are used as nanoparticles with base fluids like oil, ethylene glycol, water, etc. While
using the nanofluids, the maximum possible thermal properties are targeted to achieve with the least
feasible concentration by systematic dispersion and substantial suspension of nanoparticles in the
base fluids [11, 12]. These fluids are fit for enhancing the thermophysical properties, for example,
thermal diffusivity, convective heat transfer coefficient, viscosity, and thermal conductivity when
compared with those of the base liquids like ethylene, tri-ethylene glucose, water or other coolants,
polymer solutions and biofluids as expatiated by Choi [13] and Wong and Leon [14]. These fluids
possess the distinguished physical and chemical properties and can easily pass through the
microchannels and capillaries and don’t block the flow. Fuel cells, hybrid-powered instruments,
automotive, food handling industry and refrigeration are few pertinent examples of nanofluids.
Buongiorno [15] considered the Brownian diffusion and thermophoresis slip mechanism for the
relative velocity of the base fluid and nanoparticles.

Magnetic nanofluids is another imperative subbranch of nanofluids as it has momentous
contribution in number of industrial and engineering fields [16]. Hydrodynamic characteristics and
heat transfer rate is further manipulated when the magnetic field is applied across the flow of
nanofluids. Often aluminum oxide and magnetite are oppressed during the formulation of such
fluids. Sheikholeslami et al. [17] investigated the force convection heat transfer of magnetic
nanofluids flow in a lid driven semi-annulus enclosure. They used the two phase model for the
simulation of nanofluids. They concluded that higher values of Lewis and Hartmann number
decrease the rate of heat flux, but it is augmented for the larger values of Reynolds number. Abbasi
et al. [18] considered the boundary layer flow of two dimensional Jeffrey nanofluid with
hydromagnetic effects over a linearly stretched sheet.

The process of irregular heat generation or absorption has widespread significances in
biomedical and many engineering activities such as radial diffusers, the intention of thrust bearing,
and crude oil recovery. Polymer processing, space technology, production of glass and heating a

room by the open hearth fireplace are some useful industrial and engineering application of
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radiation. Abel and Nandeppanavar [19] have investigated the impact of variable heat
absorption/generation on magnetohydrodynamic flow of non-Newtonian liquid across a stretching
surface. It was reported that the local Nusselt number is reduced when the irregular heat source/sink
parameters are increased. Sandeep and Sulochana [20], Sandeep [21], Kumar et al. [22], and
Ramadevi et al. [23] examined the combined influence of thermal and mass transfer features of
non-Newtonian liquids due to stretching of a surface. A numerical treatment was presented with the
aid of fourth order Runge-Kutta method (RKF-4). It is also noted that the heat sink/source
parameters control the mass and thermal performances. Mahanthesh et al. [24] investigated the heat
and mass transfer attributes on MHD viscoelastic fluid flow across a stretching surface with
thermophoresis and Brownian motion. The impacts of nonlinear radiation, Brownian motion, and
quartic chemical reaction on MHD bioconvective flow of nanofluid over an upper horizontal
surface of paraboloid revolution was investigated by Makinde and Animasaun [25], who was
reported that the Brownian motion increases concentration bulk fluid while thermophoresis declines
it.

Thermophoresis is a process in which the fluid particles move towards a cooler region from the
warmer [26]. This movement occurs because molecules from the warmer region having high kinetic
energy impinge with the molecules having low energy in the cooler region. The velocity gained by
the particles is thermophoresis velocity and the force experienced by the particles is called the
thermophoresisforce [27]. Particles deposition due to thermophoresis was measured accurately by
Tsai et al. [28]. Applications of thermophoresis can be seen in aerosol technology, radioactive
particle expulsion in the nuclear reactor safety simulation, heat exchanger corrosion and deposition
of silicon thin film. Layers of glass (SiO, and GeQO,) are built up by the deposition of particles on
the tube wall with the help of modified chemical vapour deposition process. For very small sized
chips, the potential failures increase due to the micro contamination by the particle deposition. The
process of thermophoresis can be used to inhibit the deposition of small particles on the electronic
chips for the purpose of efficiency. The thermophoresis transport of particles in one-dimensional
flow for the thermophoresis velocity was studied first time by Goldsmith and May [29]. A
theoretical analysis of thermophoresis of aerosol particles in the laminar flow over a horizontal flat
plate was presented by Goren [30].

Motivated by the above studies and applications, the present work examines the effect of Hall
Current on MHD heat and mass transfer Nanofluid flow with inclined plates in the presence of

Brownian motion and Thermophoresis. The effects of flow regulating parameters on the
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distributions of flow are presented in tabular and graphical form. This consideration has an
important value in engineering and biological research. Analytical and numerical approaches are
applied to examine the modeled problem and also compared each other, and good results were

obtained.

2. Formulation of the Problem
Here, steady heat andmass transfer ofan incompressible hydromagnetic nanofluid flow along a
vertical stretching sheet coinciding with the plane y = 0, has been considered in the presence of the
Hall current effects. By keeping theorigin fixed, two opposite and equal forces are assumed to
employ along the x-axis so that the sheet stretches linearly in both positive and negative direction
(see Figure 1). With the assumption that the Newtonian nanofluid be electrically conducting and
heat generating/absorbing, a strong magnetic field has been imposed normal to the direction of
flow. Moreover, no electric field has been assumed to apply and the frequency of atom-electron
collision has also been considered high for the generation of Hall current effect [31]. Due to the
strong magnetic flux density By, the Hall current effect is taken into consideration, however the
small magnetic Reynolds number is employed and the induced magnetic field is ignored. Hall
current effect is strong enough to give rise to a force in the z—direction and a cross flow is induced
in the same direction which causes a three dimensional flow. It is further assumed that there are no
variations in the flow, heat and mass transfer in the z-direction. This assumption can be achieved by
taking the sheet of infinite width. Non-conducting plate is considered so that the generalized Ohm’s
law [32] gives Jy=0 in the flow field. Brownian motion and thermophoresis effects are considered
using the Buongiorno model [33] for the nanofluid. Further, the effects of viscous dissipation and

Joule heating are ignored.

Figure: 1. Physical configuration
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By the above mentioned assumptions and Boussinesq approximation, the mathematical form of the
problem is
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When both A* and B* are positive, we have the heat generation case whereas for the negative values
of both of them, there is the internal heat absorption.

The corresponding boundary conditions for the governing PDEs are

u=ax, v=0, w=0, T=T, C=C, ay=0

6
u—>0, v->0, w0, T-oT, C—->C, as y—>oo()

The similarity transformation used to transform the PDEs to dimensionless ODEs

_|a 3 B _C-C, -1 T
n—\[y,w(x,y)—@Xf(n), w=axg(n) ¢ln)= == 0= 0= 0)

Substitute Eq. (7) into Eq. (2), (3), (4), (5) and Eqg. (6) yields to obtain the subsequent non
dimensional equations
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The correlated Dimensionless boundary conditions (BCs) are
f(0)=0, f'(0)=1 g(0)=0, 6(0)=0, ¢(0)=1 at n=0 (12)
f'(7)—>0, g(#)—>0, 6()—>0, ¢)—0 as 17—
In the equations that do not include dimensions, the important parameters are defined as
2 —_—
M= por MG @ g 94T
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3. Physical quantities of Interests
The local skin friction coefficient in the direction of x Cfy, and in the direction of z Cf,, the local
Nusselt number Nuy, and the local Sherwood number Shy are the physical quantities of relevance

that influence the flow. These numbers have the following definitions:

2t 2t X X ]
S e A S N “
where twx, Twy, qw and jw are the wall skin friction, wall heat flux and wall mass flux respectively
given by
Ty = ,L{a—u} v T = /{a—w} y Oy = _k{g} » Ju="Dg {@} (15)
), ] ., ], .,

The coefficient of skin friction, the Nusselt number, and the Sherwood number are all expressed in

their non-dimensional versions in terms of the similarity variable as follows:

ReY?Cf =2f"(0), ReY?Cf =2g’(0), ReY?*Nu, =-6'(0), Re”?Sh, =-¢'(0) (16)

4. Solution methodology
The system of non-linear ODEs (8-11) subject to the boundary conditions 12 has been solved by
the shooting method for various values of the involved parameters. We observed through graphs

that for n > 8, there is no significant variation in the behavior of solutions. Therefore, on the basis
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of such computational experiments, we are pondering [0, 8] as the domain of the problem instead of
[0, ). We denote f by yi1, g by y4, 0 by ys and ¢ by yg for converting the boundary value problem

(4.9-4.13) to the following initial value problem consisting of 9 first order differential equations.

Y1 =Y,

Y2 =Ys,

yé =—Y1Y; "'3/22 _erys +Grcy8 +1+ m? (yz +my4)’
Ya=VYs

ygs =YoYs = Y1Y¥s _erye +Grcy8 _1+m2 (_ Y4 +mY2)’

yg=y7,

! N * _— *
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b
Ye = Yo

Yo =—PrL.y¥e —E—; Y7
5. Results and Discussions

To envision the effect of various physical parameters on tangential velocity fi(n), transverse
velocity g(n), nanoparticle concentration @(n) and temperature 6(n) profiles, Figures 4.2-4.26 are
plotted. In all these computations, unless mentioned, otherwise we have considered Nb= 0.3, a=n/3,
Nt=0.7,Pr=0.71, Le = 0.6, M= 0.5, m=0.2, Grx = 0.5, Gr = 0.5, A*=0.01, B*= 0.01

Figures 2 to 5 shows the effect of magnetic parameter M on the tangential velocity f ’(n),
transverse velocity g(n), temperature 6(n), and concentration ¢(n) profiles, respectively. The
velocity profile f(n) decreases with an increase in the values of M, the same behavior has observed
transverse velocity g(n), and temperature 6(n) and concentration ¢(n) profiles increase as M
increases. As M increases, a drag force, called Lorentz force increases. Since this force opposes the
flow of nanofluid, velocity in the flow direction decreases. Moreover, since an electrically
conducting nanofluid with the strong magnetic field in the direction orthogonal to the flow are
considered, an increase in M increases the force in the z-direction which results in an diminishes in

the transverse velocity profile g(n).
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In Figures 6-13 the effects of the thermal Grashof Grx and concentration Grashof Grc
numbers on the tangential velocity f (1), the transverse velocity g(n), temperature and concentration
are displayed respectively. As the Grashof number is a ratio of the buoyancy force to the viscous
force and it appears due to the natural convection flow, so an increase in the tangential velocity as
well as the lateral velocity of the fluid is observed when the thermal and the concentration Grashof
numbers are increased as shown in figures 6,7,10,11. It happens because of the fact that higher the
Grashof number implies higher the buoyancy force which means higher the movement of the flow.
Figures 8 and 9 depict the influence of the solutal Grashof number on the temperature and the
concentration profile respectively. An increase in the solutal Grashof number means a decrease in
the viscous force which reduces the temperature and the concentration of the fluid. Similarly
temperature is reduced when the thermal Grashof number is enhanced and this phenomenon can be
observed in Figures 12-13.

Figures 14-17 illustrate the impacts of the Hall parameter m on tangential velocity fi(n),
transverse velocity g(n), nanoparticle concentration ¢(m) and temperature 6(n) profiles,
respectively. It is observed that both the velocity f’(n) and g(n) profiles increase as m increases.
But, the temperature and concentration profiles decrease with an increase in m as shown in Figs. 16
and 17. This is because the enclosure of Hall parameter decreases the resistive force caused by the
magnetic field due to its effect of reducing the effective conductivity. Hence, the velocity
component increases as the Hall parameter increases.

Influence of Brownian motion parameter Nb on the temperature and concentration profiles is
studied in Figures 18 and 19. From these figures, we notice that an enhancement in the values of Nb
gives rise to the temperature, while it causes a decrease in the nanoparticle concentration profile.
Brownian motion is the random motion of nanoparticles suspended in the fluid, caused by the
collision of nanoparticles with the fluid particles. An increment in the thermophoretic effect causes
an increment in the Brownian motion effect which results in the rise of the temperature due to the
increment in the Kinetic energy.

Figures 20 and 21 illustrate the effect of thermophoresis parameter Nt on the temperature and the
nanoparticles concentration profile. One can observe that temperature and concentration fields
increase with an enhancement in Nt. Thermophoresis parameter plays an important role in the heat
transfer flow. Thermophoresis force enhances when Nt is increased which tends to move the
nanoparticles from the hot region to the cold and as a result the temperature and the boundary layer

thickness increase.
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Figures 22 and 23 shows the impact of the Lewis number Le on temperature and nanoparticle

concentration profiles respectively. It is observed that the temperature increases by increasing Le
while concentration decreases with an increase in the Lewis number.

Figures 24-27 illustrate the impacts of the Inclined parameter o on tangential velocity fi(n),

transverse velocity g(n), nanoparticle concentration @(n) and temperature 60(n) profiles,

respectively. It is observed that both the velocity f’(n), g(n), temperature and concentration profiles

decrease with an increase in a.

Figure: 2. Effect of M on f(n)
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Figure: 3. Effect of M on g(n)
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Figure: 9. Effect of Grx on ¢ (n)
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The impact of the various physical parameters on the local Sherwood number, skinfriction
coefficient and local Nusselt number, mathematical results are achieved for Nb= 0.3, a=n/3, Nt=
0.7, P r=0.71, Le = 0.6, M= 0.5, m= 0.2, Grx = 0.5, Gr = 0.5, A*=0.01, B*= 0.01, and are
enumerated as shown in Table 1. it is viewed that the skin-friction coefficient in x— direction
decreases with an increase in the thermal Grashof number Grx, the mass Grashoff number Grc, Hall
current parameter m, and Brownian motion parameter Nb, while it increases for the increasing
value of magnetic parameter M and Prandtl number Pr, and thermophoresis parameter Nt. A
completely opposite behavior is recorded for the coefficient of the skin-friction in the z-direction.
Nusselt number increases when the Hall current parameter m, thermal Grashof number, the mass
Grashoff number, and Prandtl number, increase whereas it is reduced by increasing the value of
Magnetic field parameter M. Sherwood number has increasing behavior for thermal Grashof
number Grx, Magnetic field parameter M, Brownian motion parameter Nb and thermophoresis
parameter Nt, while it has decreasing behavior for Grashoff number Grc and Prandtl number.
For the authentication of the numerical method used, the results were compared with the previously
obtained results Ibrahim and Anbessa [5] for various values of parameters and it indicates an

excellent accord as shown in Tables 2.

Tablel: Numerical values of Re¥?Cf , ReY?Cf , ReY?Nu,, Re!?Sh

Grx | Grc | m Nb M Pr | Nt |-2£0) [ -2g°(0) | -0°(0) | -9°(0)
05 1.2547 | 0.8521 | 0.5212 | 0.9514
1.0 0.9978 | 0.9125 | 0.5323 | 0.9912
15 0.7354 | 0.9542 | 0.5457 | 1.0245
0.3 0.9875 | 0.8512 | 0.5032 | 0.1247

0.6 - 0.8475 | 0.9852 | 0.5124 | 0.1108

0.9 0.7125 | 1.2521 | 0.5785 | 0.9178

1 15214 | 0.8521 | 0.3145 | 0.8852

2 1.0214 | 0.9547 | 0.2978 | 0.7952

3 0.8125 | 0.9985 | 0.2312 | 0.9452

0.2 0.9512 | 0.9521 | 0.8452 | 0.5852

0.4 0.8152 | 0.9612 | 0.8215 | 0.6124

0.6 0.7125 | 0.9852 | 0.8032 | 0.6978

05 0.9452 | 1.0254 | 0.9875 | 0.7852
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1.0 1.2454 | 0.9852 | 0.9125 | 0.8952
1.5 1.4035 | 0.8512 | 0.8952 | 0.9452
0.68 0.9785 | 1.0214 | 0.1254 | 0.9878

0.71 0.9120 | 0.9852 | 0.1578 | 0.9452

0.76 0.8452 | 0.9032 | 0.1987 | 0.9231

0.3 | 1.5452 | 0.9852 | 0.8542 | 0.5120

0.6 | 1.1254 | 0.9120 | 0.8125 | 0.5921

0.9 | 08752 | 0.8962 | 0.7521 | 0.6120

Table: 2. Comparison of —0’ (0) for various values of Pr when Nb= 0.3, Nt=0.7, Pr=0.71, Le =
0.6, M=0.5, Grx = 0.5, Gr c= 0.5, A*=0, B= 0, m=0, a=0

Pr Ibrahim and Anbessa [5] Present values
0.01 0.019887 0.019852
0.72 0.808635 0.807852

1 1.000000 1.000000

3 1.923687 1.924785

10 3.720676 3.732547

6. Conclusion

The influence of the Hall current on the heat and mass transfer of nanofluid flowing across a

linearly stretched sheet is the topic that will be discussed in the present paper. The most significant

accomplishments have been broken down into the following categories:

i.  The temperature increases as the Brownian motion parameter (Nb) values increase, but the

concentration profile of nanoparticles decreases.

ii.  The temperature and concentration fields intensify with a rise in the Thermophoresis

parameter (Nt).

iii.  The temperature and concentration profiles tend to fall when the Prandtl number (Pr) is

raised.

iv.  The temperature increases by increasing Le while concentration decreases with an increase

in the Lewis number
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The velocity increases with enhance of hall parameter (m), where as the reversal behavior

has observed in the case of temperature and Concentration.
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