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Abstract

Unsteady Magnetohydrodynamic (MHD) flow of nanofluid between two infinite parallel
porous plates was investigated with considering Heat transfer and Hall Effect under
constant pressure gradient. In this study, Copper as nanoparticle with water as its base
fluid has been considered. The governing partial differential equations subjected to
appropriate boundary conditions were derived and solved semi-analytically with
homotopy perturbation method (HPM). The effects of physical parameters are
graphically presented for varies values such as, the nanofluid volume fraction, Hartmann
number and Reynolds number on non-dimensional velocity and temperature profile are
considered. The results show that, increase in nanoparticle volume fraction @ increase
the amount of heat transfer to the nanofluid and hence its temperature increases.

Keywords: Unsteady flow, Nanofluid, Couette flow, MHD, Homotopy perturbation method.

1. Introduction

Due to the numerous uses of nanofluid in science, engineering, and technology,
challenges with its flow in tubes or channels have attracted increased attention in recent
years. Examples include refrigeration, solar water heating, cooling of nuclear systems,
and engine cooling [1]. The term “Nanofluids” is defined as a mixture of nanoparticles
(nominally 1-100 nm in size) suspended in a base fluid [2], this term was introduced by
Choi [3] in 1995. Since then, many research investigated nanofluids for heat transfer
improvement in different thermal applications. Xie et al. [4], investigated the thermal
conductivity behavior of SiC dilute nanoparticle-fluid mixtures with spherical and
cylindrical shapes of SiC nanoparticles. Jang and Choi [5] studied the effects of the ratio
of the thermal conductivity of nanoparticles to that of a base fluid, volume fraction,
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nanoparticle size, and temperature on the effective thermal conductivity of nanofluids.
The dependence of size of nanoparticles and temperature on the effective thermal
conductivity of nanofluids was proposed by Shukla, and Dhir [6] based on the theory of
Brownian motion of nanoparticles in a fluid. Abu-Nada [7] evaluated the role of both
viscosity and thermal conductivity, derived from experimental data, on heat transfer in
natural convection. The convective heat transfer characteristics of silver—water nanofluid
under laminar and turbulent flow conditions were experimentally measured by Gogson et
al. [8]. Chandraprabu et al. [9] compared the heat transfer performance of the nanofluids
Al203/water and CuO/water in the condensing unit of air conditioner for various flow
rates. The experimental results of nanofluids are compared with water for various volume
fractions and showed that the heat transfer enhancement is caused by suspending
nanoparticles and becomes more pronounced with the increase of the particle volume
concentration.

Recently, researchers have considerable interest in the study of fully developed
nanofluids flow between parallel plates. This is because of its significant importance in many
applications such as power generation systems, heat exchangers, car engines cooling and
electronic devices. Peyghambarzadeh et al. [10] experimentally investigated the heat transfer of
forced convection in AL203/Water nanofluid with different concentrations to that of pure water
in an automobile radiator and found that . Leong et al. [11] analytically investigated the
performance of nanofluids as the heat transfer fluid in a thermosyphon heat recovery exchanger.
The influence of Reynolds number and solid volume fraction on forced convection boundary
layer flow inside the direct absorption solar collector with Copper/water nanofluid was
investigated by Pravin et al. [12]. Khaleduzzaman et al. [13] experimentally analyzed the energy,
exergy, and friction factor of a rectangular minichannel heat sink using AL203/Water nanofluid
with different volume fractions. Abbas et al. study [14] examined how Soret and Dufour's
theories affected the mass transfer and mixed convection heat of Peristaltic Flow of Casson Fluid
Through NonDarcy Porous Medium Inside Vertical Channel. Hsiao [15] investigated the heat
and mass transfer of nanofluid flow across a stretching sheet that forms a slip boundary..
Williamson nanofluid flow across a stretching sheet was studied numerically by Khan et al. [16]
in relation to an angled Lorentz force and fluctuating viscosity. Pal and Roy [17] investigated the
complementary effects of non-uniform heat source/sink and nonlinear thermal radiation in the
boundary layer flow. Considering variables, they examined the phenomenon of heat transfer over
a stretching surface of a Casson nanofluid. Abbas and Magdy [18] examined the heat
transmission and motion of an unstable nanofluid past a rotating plate with Brownian motion, as
well as the effects of thermophoresis diffusion. The three-dimensional continuous thin-film flow
across a stretching surface of tangent hyperbolic fluid with nonlinear Entropy formation was
investigated by Ibrahim and Gizewu [19] using mixed convection flow. An analytical study by
Loganathan et al. [20] examined the effects of a heated porous Riga plate that absorbs heat in
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conjunction with viscoelastic nanofluidic flow and Cattaneo-Christov dual flow. Shao et al.'s
research [21] examined the significance of visco-elastic Motion that conducts electricity and
materials that alter over time outperform a capsule's surface due to gravity.

Magnetohydrodynamic (MHD) flow with heat transfer has received considerable attention
in the recent years because of their wide variety of applications such as MHD generator, cooling
of nuclear reactor, electronic package, MHD pump, microelectronic devices, plasma physics, and
solar technology [22], [23]. The magneto convection flow of two immiscible fluids through a
vertical channel with heat generation and absorption were analytically and numerically
investigated by Umavathi et al. [24]. Kandaswamy et al. [25] numerically investigated the
Magnetoconvection of an electrically conducting fluid in a square cavity with partially thermally
active vertical walls. unsteady Magnetohydrodynamic flow with heat and mass transfer near the
stagnation point of a three-dimensional porous body in the presence of heat source/sink and
chemical reaction effect has been numerically studied by Chamkha and Ahmed [26]. Nemati et
al. [27] studied the effect of CuO nanoparticles on natural convection with
magnetohydrodynamic flow in a square cavity. Couette MHD flow with heat transfer through a
porous medium between two parallel plates was investigated by abdeen et al. [28] considering
the Hall current and variable properties. The MHD unstable nanofluid flow across a stretching
sheet was accompanied by the effects of heat radiation, injection and suction, and multiple slip
on mass and heat transfer. The magnetic field's alignment's stretching effect Williamson used
convective boundary conditions on a surface for his numerical investigation of nanofluid flow.
from Indraprastha et al. [29]. Megahed conducted an examination of the non-linear MHD of a
porous medium with an embedded stretched sheet under a convective boundary condition of
Newtonian Maxwell fluid flow [30]. Biswal et al. [31] presented the 2 MHD free convective
stagnation-point flow. Moreover, the wide variety of non-Newtonian fluids makes it impractical
to rely on a single fundamental equation to fully describe the behavior displayed by each of these
fluid kinds ([32])-([33]). Among the different kinds of non-Newtonian fluid models, the tangent
hyperbolic fluid model is one of the most important and prominent ones. The flow properties of
tangent hyperbolic fluid in a boundary layer created by a stretched sheet were examined in the
first formulation of the tangent hyperbolic fluid model. The model then describes a situation in
which an increase in the shear effect causes the fluid's effective viscosity to decrease. Also, other
recent interesting research studied of non-Newtonian fluid by referring to the cited citations

([34])-([38]).

The aim of the present study is to investigate the effect of nanoparticles on the unsteady
magnetohydrodynamic flow between two infinite parallel porous plates with considering Heat
transfer and Hall Effect under constant pressure gradient. Analysis is performed for copper
nanoparticles by considering water as a base fluid. The resulting non-linear system has been
semi-analytically with homotopy perturbation technique.
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2. Problem discerption and mathematical formulation

We consider an unsteady nanofluid flow between two parallel horizontal porous
plates, as shown in Figure 1. The boundary plates are infinite in the x- and z- directions
and located at y=xh from the origin. The lower plate is stationary while the upper plate is
moving with constant velocity u, in the x-direction. A uniform suction from above and
injection from below are applied and the y component of the flow velocity is assumed
constant and denoted as v,. The lower and upper plates are maintained at constant
temperatures T,;and T, respectively with T, > T;. The nanofluid is assumed to be
Newtonian, incompressible, and fully developed flow driven by a constant pressure
gradient in the x-direction. The flow is under the influence of a uniform magnetic field
with constant flux density B, applied in the y-direction. Due to the Hall effect a velocity
component in z-direction w is developed.

Lower Plat

Figure 1: Schematic of problem

Additionally, we express the magnetic field induced Lorentz force per unit volume as
[28]:

—

F=]x B (1)

Where, B is the induced magnetic vector, and T Is the electric current density vector which
can be obtained by generalized Ohm’s law including Hall current as [39]:
J=0[E+VxB—-B(xB)] (2)

Where, ¢ is the electric conductivity of the fluid, V is the velocity vector, v(y,t) =
u(y, 7 + vo] + w(y, DK, E is the intensity vector of the electric field, and P is the Hall
factor. By neglecting polarization effect, we get the electric field vector equal zero (E:O).
Equation (1) may be solved in Jto yield:
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O'BO
1+m?2

O'Bo
1+m?2

F=

(mu — w)T+ (u + mw)k (3)

Where, m is the Hall parameter, m = 8 0B,,.

2.1 Equation formulation

Under these assumptions, the continuity, momentum and energy equations are written as
follows [28, 39]:

Continuity equation:

av

== (4)
Momentum equation in x-direction:

du oP 9%u  opBo?

du
Por 5+ PuVo o = — 50 FHargy — 7 e (W mu) (5)

Momentum equation in z-direction:

ow ow 9%w  opfBo?
—_ Vg — = — - S, w—mu 6
Pnf at + PnfVo ay HUnf ay? 14+m?2 ( ) ( )

Energy equation:

aT aT 92T ou\? ow\2]  onBo?
(pCP)nfE + (PCp)nfVo oy an@ + U [(O_y) + (a_y) ] + H—moz (u? + w?) (7)

Where, u and w are the fluid velocity components in the x and z directions respectively.
pne 1S the nanofluid density, P represent the pressure, p,¢ is the nanofluid viscosity, T
denotes the temperature, o, is the electric conductivity of the nanofluid, B, is the
magnetic field density, and m is the hall parameter (m = o,¢$B,) where B is the hall
factor [39].

2.2 Initial and boundary conditions
In the present investigation, we assumed the initial and boundary conditions used in
solving the problem are:

t<0 u=0;, w=0;, T=0 (8a)
t>0 u=0 w=0; T=T; y=-h (8b)
t>0 u=uy w=0; T=T,; y=h (8¢c)
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2.3 Nanoparticle thermo-physical properties
In the current study, the thermo-physical properties of the nanofluid were determined
using the following relations [40, 41]:

The density (p,s) and heat capacity ((pcp),s) Of the nanofluid, and the electric
conductivity (o) are defined as:

pne = (1 — ®)ps + Dpp, )
(pcp)ns = (1 — @) (pcp)s + B(pcp)y, (10)
ons = (1 = @)o¢ + Bop, (11)

According to Brinkman model the viscosity (u,¢) of nanofluid is given as:

M
Unf = (1_(;)2,5 (12)

The thermal conductivity (k) is calculated using the Maxell model as:

k. = Kp +2Kke—20(Ke—Kp)
n kp+2Kke+0 (ke—kp)

k¢ (13)

Where, @ is the volume fraction of nanofluid and the subscripts f, nf, and p denotes base
fluid, nanofluid and solid particle respectively.

2.4 Dimensionless parameters
Introducing these non-dimensional parameters to the above equations

X =, =, Zz =, =7 u =—-—, w =—,
i Y Th h h Ug Ug

" p % T_T1

prug?’ T,-T

The continuity, momentum and energy equations can be written in non-dimensional form
as follows:

Continuity equation:

ov*

oy (14)
Momentum equation in x-direction:

ou* du* _ OP* pf a%u* Ha?ps . N

at* ay* - ax* Re(1-0)25pps c’?y*2 Re(1+m?2)py¢ (u + mw ) (15)

Momentum equation in z-direction:
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* *

ow* pf %w* HaZp¢ (w
at* ay* o Re(1-0)25p,¢ dy*> Re(1+m?2)pys

ow %

— mu®) (16)

Energy equation:

oT* oT*
at* ay*
KnfpfCpe  02T* Ec(pcp)s [(a_u*)z (0w*)2] Ha?Ec(pcp)s 2 2
revermriay? T reaomean \ar) T (o) | T Reaemapen O TWT) (D)
. . . h .
In the above equations, S = Z—" Is the suction parameter, Re = pf% is the Reynolds
0 f
nfBo?h? . CpeMf .
number, Ha? = % is the Hartmann number, Pr = pk—ff is the Prandtl number, and
f f
2
Ec = —2 is the Eckert number.
Cpf(TZ_Tl)

The corresponding non-dimensional initial and boundary conditions are:

t<0 u"=0 w'=0;, T"=0 (18a)
t>0 u=0 w'=0; T"=0; y"=-1 (18b)
t>0 u'=1 w'=0;, T"=0; y"=1 (18c)

3 Method of Solutions

In order to solve the unsteady, coupled non-linear partial differential equations (15)-(17)
under the initial and boundary conditions (18a)-(18c), can be solved analytically by using
the method of homotopy perturbation. This method's process and primary definition have
already been presented in several publications [42-44]. The solutions obtained are
functions of the physical parameters of the problem. These solutions can be written as:

Uy = U (O + u(Oy* + -+,
Wiye = wi(®)y + wy(O)y? + -
Ty = T'1 Oy + T (0)y? +
Where,

w=—(""-Dr+1D
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6s—6w+12J;a—2wy—6s5etW —6sy? +6wy? +2wy?
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4 Results and discussion

In the present study, copper (Cu) nanoparticles are considered with water as the
base fluid. We have used data related to the thermos physical properties of the fluid and
nanoparticles as listed in table 1 [18]. The value of the Prandtl number, Reynolds
number, and Eckert number are assumed to be 1, 1,and 0.2, respectively. Also the volume
fraction of nanoparticles is from 0 to 0.1 (0 < @ < 0.06) in which @ = 0 corresponds to

the regular Newtonian fluid.
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Table 1: The physical properties of nanofluids and base fluid

Properties Fluid (water) Copper (Cu)
Cp (i7kgK) 4179 385
p (kg/m?) 997.1 8933
K (W/MK) 0.613 401
1 : — \ 1 : o :
“‘. N\\“\\~ 3 \\\it‘\.
\\\\ . \\\\_\ .
- A J L S S J
! ;!
4 J Y /,
/ U 4 /
>0 J I ] > Of S 4 |
/’ /', ,l . 2
s AP
2 ¢=0.00 L2007 =002
-0.5¢ S =02 0.5 C =02 |
P ===1=0.5 . ’/’}f/’-/ -—=1t=05
"“:/4' ——— =] ““:/g‘ ——— =]
1 ,.»*‘"‘V . t=2, =4 1 P r r t=2. t=4
0 05 1 15 2 0 05 15 2
* *
u u
(a) (b)
1 = 1 T - T T
TSRS P
SIS, o
SOy N TSy
S, . NN
\\ £ N \‘
05 \ S\ 05 NN ,
P P
I' I' ! !
/ /) /] II
> 0 S 7 "> Or A i
/ 2 ’ ’
,/' 2 -
; Lt 00 ; s 4=0.06
-0.5- “.. ”:-/‘, ...... t:OZ 05k .‘.. ’,:-,",- ...... t=0.2
R ====05 o -==t=0.5
“‘,:“ta—’/ ===l ““.;_’;/ R —
s t=2, t=4 =T t=2, t=4
-1= L L L ke i r [ r
0 05 15 2 0 05 15 2 25
* *
u u
() (d)

Figure 2: Time variation of the profile of u* for different values of nanoparticle volume fraction @. (a)
@ =0; (b)d=0.02; (c)®=0.04; (d)  =0.06

Figures 2-4 present the time development of the profiles of the velocity and
temperature distributions for various values of nanoparticle volume fractions @. Figures 2
and 3 displayed the effect of nanoparticle volume fractions @ on the dimensionless
velocities components, it is observed that both velocity components u* and w* increase
with the increase in the nanoparticle volume fraction @. As well, the increase of the
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volume fraction will increase the thermal conductivity of the nanofluid, this decreasing of
fluid viscosity which increasing the moving of fluid.

The effect of nanoparticle volume fractions @ on temperature distribution T* is
shown in figure 4. It is observed that, increase in nanoparticle volume fraction @ increase
the amount of heat transfer to the nanofluid and hence its temperature increases. This is
due to the fact that as, increase of the volume fraction @ will increase the thermal
conductivity of the nanofluid. This increases due to the increase of the surface area of the
metallic nanoparticles, this lead to increases the nanolayer around the nanoparticles.

Figure 3: Time variation of the profile of w* for different values of nanoparticle volume fraction @.
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Figure 5 present the effect of Hartmann parameter Ha on the velocity components
(u* and w*) and temperature T* at different values of nanoparticle volume fractions @.
This figure illustrate that, with an increase of Hartmann number H,, the velocity
components u* is reduced because the hydromagnetic drag force in equation (15) is
proportional to the square of H,, and remains with negative sign, as shown in figure 5(a).
On the other hand, figure 5(b) indicates the velocity component w* increases with a rise
in Hartmann number Ha, this is because the effect of the hydromagnetic force in equation
(16). Also, it is observed that, the temperature distribution T* is increases with increasing
Hartmann number H,, as shown in figure 5(c). This is because increasing the contribution
from the Joule dissipation term.
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Figure 4: Time variation of the profile of T* for diferent values of nanoparticle volume fraction @. (a)
@ =0; (b)®=0.02; (c)®=0.04; (d)®=0.06
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Figure 6 illustrate the effect of Hall parameter m on the velocities component and
temperature and for various values of nanoparticle volume fractions @. Figure 6(a) shows
that, the velocity component u* is increased with an increase in Hall parameter m, which

can be attributed to the fact that the increase in m decreases the effective conductivity (

Ha%pg ) and hence the magnetic damping. It is observed that, in figure 6(b) the

Re(1+m?2)p,s

velocity component w* decreases with increasing the Hall parameter m, due to increasing
. . Ha?ps . _ N . o .
its damping term ReLrmDo (w* — mu*)in equation (16). Also, it is found that, with

increasing the Hall parameter m the fluid temperatures distribution T* decreases. This is
because decreasing the contribution from the Joule dissipation term, as shown in figure

6(c).
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Figure 5: Effect of Hartmann parameter Ha on the velocities and temperature profiles at different values
of nanoparticle volume fractions @.

(a) u* Profile; (b) w* Profile; (c) T* Profile
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Figure 6: Effect of Hall parameter m on the velocities and temperature profiles at different values of
nanoparticle volume fractions @.
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5 Conclusion

In this article, the effects

of nanofluid and heat transfer on
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Magnetohydrodynamic flow between two infinite parallel porous plates has been
numerically studied with Hall Effect in the presence of uniform suction and injection.
Here, Copper as nanoparticle with water as its base fluid has been considered. Implicit
finite difference method is employed to solve the equations governing the flow. The

following observations are noted:
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The velocity components u* and w* and temperature T* increase with the increase
in the nanoparticle volume fraction @.

The Cu-water nanofluid has higher values of temperature, velocity components, and
steady state time compared to base fluid.

The effect of Hartmann number H, on the velocity components and temperature
distribution for various values of nanoparticle volume fractions @ has been studied.
By increasing H, the x-component of the velocity u* and temperature T* will
decrease, while the z-component of the velocity w* will increase.
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Nomenclature

B
Bo
Cp
E
Ec
Ha

o3 R

Pr

Re

t*

T*
u,w

induced magnetic field

magnetic field density

specific heat capacity

electric field intensity

Eckert number

Hartmann number

electric current density

thermal conductivity

Hall parameter

pressure

Prandtl number

Reynolds number

suction parameter

time

dimensionless time

temperature

dimensionless temperature

velocity components along x, and z axes,
respectively

dimensionless velocity components along X,
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Greek symbols

Subscripts
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and z axes, respectively
Velocity vector

Hall factor

density

dimensionless density
nanoparticles volume fraction
electric conductivity
viscosity

base fluid
nanofluid
solid particle
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