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Abstract

Unsteady extracellular fluid (ECF) flow along with a rotating infinite vertical
porous plate in the presence of a transverse magnetic field has been studied
numerically. The dimensional governing equations have been non-dimen-
sionalized by useful dimensionless variables. The explicit finite difference method
has been used to solve dimensionless equations. The numerical results have been
calculated by studio developer FORTRAN 6.6a and MATLAB 2018a. For perfect
conducting case, Magnetic Diffusivity Parameter 5< P <15 has been taken
in induction equation. For good accuracy, stability and convergence analysis
have been analyzed. Mesh Sensitivity test, steady-state solution test, and code
validation test have been performed. For time step 7 =1, the numerical re-
sults have been found for the primary velocity, secondary velocity, angular
velocity, primary induced magnetic field, secondary induced magnetic field,
temperature as well as shear stresses along x and z direction, couple stress
along z direction, current densities along x and z direction and the Nusselt
number. Finally, the effects of various parameters have been separately dis-
cussed and illustrated graphically.

Keywords
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1. Introduction

Extracellular fluids are perfectly conducting fluids of microstructure that exhibit

the micro-rotational effects and micro-rotational inertia. The enthusiasm of the

cell by any physical effect causes a nerve impulse, sodium ions are pumped in
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the cell, potassium ions are pumped out, and the cell membrane reaches a depo-
larization state at which the electric signals are transmitted from one cell to
another when the action potential is conducted at speeds that range from 1 to
100 m-s™', indicates the impulse moves along the fiber, which was found by
Hodgkin et al. [1]. The Nobel Prize for physiology or medicine was awarded in
1963 for formulating these ionic mechanisms involved in nerve cell activity.
Since the liquid sodium Na(l)(IOO"C) and liquid potassium K(,)(100°C) ex-
hibit very small electrical resistivity ( p, (exp)=9.6x10°Q-cm) and

(p, (exp)=12.97x 10°Q-cm ), respectively, the extracellular fluid can be consi-
dered as a perfect conducting micropolar fluid [2].

Eringen [3] first formulated the theory of micropolar fluids, which display the
effect of local rotary inertia and couple stress. Connection with the blood rheol-
ogy interesting results has been reported by Kline and Alien [4]. Low concentra-
tion suspension flow for micropolar fluid has been pointed out by many investi-
gators as noticed in Ariman [5]. Ariman et al [6] also investigated the micro-
continuum fluid mechanics. Eringen [7] extended the micropolar fluid theory
and developed the theory of thermo-micro fluids. The effect of Hall currents on
free convective flow through a porous medium bounded by an infinite vertical
plate has been studied by Ram [8]. Combined effects of thermal radiations and
Hall current on moving vertical porous plate in a rotating system with variable
temperature have been analyzed by Garg [9]. The boundary layer flows in the
presence of Soret and Dufour effects associated with the thermal-diffusion and
diffusion-thermo for the mix convection have been analyzed by Kafoussias and
Williams [10]. The influence of magnetic field on heat and mass transfer by nat-
ural convection from vertical surfaces in porous media considering Soret and
Dufour effects have been studied by Postelnicu [11]. Mohammadein ef al [12]
formulated a model to show the effects of transverse magnetic field in a micro-
polar fluid. A boundary layer theory for micropolar has been established by
Peddiesen et al [13]. The effect of Hall current, Soret, and Dufour effects on
MHD flow by mixed convection over a vertical surface in porous media has been
studied by Shateyi et al [14]. MHD flow over a moving plate in a rotating fluid
with magnetic field and Hall current has been investigated by Takhar et al. [15].
Free convection effects on perfectly conducting fluid have been formulated by
Ezzat [16]. Numerical simulation and stability analysis on MHD free convective
heat and mass transfer unsteady flow through a porous medium in a rotating
system with the induced magnetic field have been investigated by Haque et al
[17]. Finite difference solution of MHD mixed convection flow with heat gener-
ation and the chemical reaction has been investigated by Ahmed et al [18].

In the present work, our aim is to simulate the Hall current effect on ECF flow
along with a rotating infinite vertical porous plate in the presence of the trans-
verse magnetic field. The basic governing equations of the problem have been
non-dimensionalized by using dimensionless variables. The obtained dimen-
sionless equations have been solved numerically using the explicit finite differ-
ence method (FDM). Stability and convergence analysis has been analyzed to

DOI: 10.4236/0japps.2021.113023

313 Open Journal of Applied Sciences


https://doi.org/10.4236/ojapps.2021.113023

A. Podder, Md. M. Alam

obtain a converged solution. Finally, all possible outcomes have been illustrated.

2. Mathematics Formulation

An unsteady extracellular fluid flow along with an infinite vertical porous plate
with transverse magnetic field, joule heating, viscous dissipation effect in a ro-
tating system are considered. The positive x coordinate is measured along with
the plate in the direction of fluid motion and the y coordinate is measured nor-
mal to the plate. Initially, it is considered that the plate, as well as the fluid, are at
the same temperature T (= T, ) Also, it is assumed that the fluid and the plate
are at rest after that the plate is to be moving with a constant velocity U.. In-
stantaneously at time ¢>0, the temperature of the plate raised to 7, (>7,),
where 7, is the temperature of the wall and 7, is the temperature outside the
plate and the system is rotating anticlockwise with rotational velocity Q. The
physical problem is furnished in Figure 1.

A strong uniform magnetic field H, can be taken as (0,H,,0). For extracel-
lular fluid, magnetic Reynolds number R >1 which implies dimensionless
Magnetic Diffusivity Number (2,) values between 5 to 15. The divergence equa-
tion V-H =0 of Maxwell’s equation for the magnetic field gives H =H,.
Using the relation V-J =0 for the current density J :(JX,J y,JZ) implies
J, = constant . Since the plate is non-conducting, J, =0 at the plate and hence
zero everywhere. The fluid velocity vector is given by ¢ = (u,v,w).

The non-dimensional variables that have been used in the governing equa-

tions are as follows,

tU? N
peUe gy e o iy vy 0N
v ) U, U, U, U:

H H T-T

H = H 2 = 22 and 0= ©

pU, pU, ' —T,

V=-V

0}

Figure 1. Physical configuration and coordinate system.
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Using the above non-dimensional variables that have been used in the go-

verning equations are as follows,

‘2—’;=0 (1)
2
H
a—U—Sua—U:Gr9+(l+A)a—[{+A6—N+ML—£—RW (2)
or "oy o> "oy oY D,
2
a—W—Sua—W:(1+A)8—W+M6H3 —K+RU (3)
or oY oy’ oY D,
2
N G _ON U w
or oY oY oY
H H *H ‘H
L_Suﬁzia_zl_,_Ma_U_&a_; (5)
or “or P, oY oY P, oY
2 2
6H3_M6H3:161{23+M6_W+&81-§ ©
or oY P, oY oY P, oY

00 00 100 E, (amj (aH]jz
—S,—=——t +| —
or “oy pPoy: p |\ oy oY

+E, {(6_Uj2 + (6_W)2 } + p6°
oY oY

The corresponding non-dimensional boundary conditions are as follows,

(7)

H
U=ty =0w=0N=-5Y 1 = [ _y(qay) 11, =0,0=1at7=0
oY p U

U=0,V=0,W=0,N=0,H =0,H,=0,0 >0 as ¥ > (8)

where 7represents the dimensionless time, Y is dimensionless Cartesian coordi-
nates, U, V and W are dimensionless velocity components, /A, and H, are di-
mensionless primary and secondary induced magnetic field, &is the dimension-

gBT (TLV_TOO)U

less temperature, G, = 3
U

k
(Grashof Number), A=— (Microro-
7,

1 H
tational Number), S, . (Suction Parameter), M =——2% He (Magnet-
U 4nU_\ p

© ©

rr2

U
~ (Darcy Number), R= 20Q

ic Parameter), D, = (Rotational Parame-

v’ 2

Y . . . . kv . )
ter), A =-— (Spin Gradient Viscosity), A= 5 (Vortex Viscosity),

JH o

pc,v U’
P =—'— (Prandtl Number), E, =——=—— (Eckert Number),
K ¢, (T,-T,)
(T, -1,)"

P, =4novu, (Magnetic Diffusivity Number) and f= (Heat

2
pe,Us

Generation or Absorption Parameter).
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3. Shear Stresses, Couple Stress, Current Densities and
Nusselt Number

The shear stress along x direction, 7 = { u+(1-S)K }[6_u] and the shear
y=0

oy

stress along z direction, 7_ = { u+(1-8)K } [6_wj which are proportional to

y=0
ou ow .
— and | — respectively.
Y Jy Y )y

i ON
Couple stress = M(a—NJ which is proportional to (—] .
r L) v=0

H
Current densities along xand zdirections are J_ = ,u(— 66 z ] and
Y o

OH, oH
J. =pu _OH, which are proportional to | ——— and | ——
’ g y=0 oY Y=0 Y=0

vy
respectively.

Nusselt Number —y(—a—Tj which is proportional to (—%j .
oy y=0 Y=0

4. Numerical Technique

In this section, the governing second-order non-linear dimensionless partial dif-
ferential equations with initial and boundary conditions have been solved. The
explicit finite difference method has been used to solve dimensionless equations
subject to the boundary conditions. The region with the boundary layer is di-
vided by some perpendicular line of Y-axis, where Y-axis is normal to the me-
dium as shown in Figure 2.

Here assumed Y, (=40) ie Yvaries from 0 to 40. There is n(=725) grid
spacing in the Y direction as shown in Figure 2. And AY are constant mesh
size along Y direction and taken as follows, AY =0.055 (approx.) with the
smaller time-step, Az =0.0005.

T 0 () (> 0! L Y

j=0 j=1 j=2  j=3 j=n

Figure 2. Explicit finite difference system grid.
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Let U', W', N', H/, H, and @' denote the values of U, W, N, H,, H,
and @ are the end of a time-step respectively. Using the explicit finite difference
approximation, the system of partial differential equations (9)-(15) is obtained

by approximate set of finite difference equations:

V.. ..=V. .
i,j+1 i,j
NG 9)
Ui’,j _Ui,/ _S Uf,.i+1 —U,’j
AT ! AY
o, =2U. .+ U, . N. .. —N..
— GI,H’ ) +(1+A) i,j+1 1,]2 i,j-1 i,j+1 i,j (10)
M 1i, j+1 _Hu,,/ ij —RW,
AY 3 /
VV/] _VVi,j S VVi,j+1_VVi,j
At ! AY (11)
_ (1+A) Wi,j+1 _ZVVi,j +VVi,j—l M H}i,j+1 i Wij L RU.
(Ay)2 AY D, "
i’,j i,j S i,j+1 - i,j
AT ! AY
Ni j+1 _2Ni '+Ni -1 Ui j+1 _Ui j (12)
=A >J ,.12 >J _/1 o) 5] _21]\71 )
(Ay) AY K
lyi,j _Hli,j _s Hli,j+1 _Hli,j
AT ! AY
_ LHU,_/H _2H1i,_; +H1i,j—1 M Ui,j+l _Ui,/' (13)
P, (AY) AY
_&Hﬁ,ﬁl _2H3i,j +H3i,j—1
B (ar)
H3,i,j_H3i,j _s 3i,j+1_H3i,j
At ! AY
_ LH%./'H _2H3i,;' +H3i,j—l M W;,jﬂ _W;,/ (14)
P, (AY) AY
+&Hli,j+l _2H1i,j +H1i,j—1
B (ary
el'j _Hi,j _S ei,j+1 _9;',,'
At ! AY
2 2
:lai,jﬂ_zgi,j;_ai,j—l +ﬂ H3i,j+1_H3i,j n Hli,j+1_H1i,j (15)
P (AY) P, AY AY

2 2
+Ec Ui,j+l _Ui,j n Wi,/+1 _Wi,j +ﬂ€ip.
AY AY ’f

and the boundary condition becomes:

DOI: 10.4236/0japps.2021.113023

317 Open Journal of Applied Sciences


https://doi.org/10.4236/ojapps.2021.113023

A. Podder, Md. M. Alam

ou;
Uy =1y =00 = 0,Ny ==S—2, Hyj =1(say), iy = 0,67 =1 at ¥ =0

U'=0,V =0,W; =0,N! =0,H" =0,H," =0,6" >0as Y =L — oo

Here p is the power of heat generation parameter and S indicates constant
value which represents different cases. When S =0, we obtain N =0 which
represents no-spin condition, ie., the microelements in a concentrated particle
flow close to the wall are not able to rotate. The case S = 1 represents vanish-
ing of the anti-symmetric part of the stress tensor and represents weak concen-
tration. The case S =1 represents turbulent boundary layer flow. The subscript
j designates the grid points with Y coordinates and the superscript z represents a
value of time, r=nAr where n=0,1,2,.--. The primary velocity (U), second-
ary velocity (W), angular velocity (), primary induced magnetic field (H,),
secondary induced magnetic field (/;) and temperature (6) distributions at all
interior nodal points may be computed by successive applications of the above
finite difference equations. The numerical values of the shear stresses, couple
stress, current densities and Nusselt number are evaluated by Three-Point for-
mula.

The stability conditions of the problem are furnished as follows:

AT a(1+a) 2L i5, A0 <1, Ames, AL ian AL <y,
2D, (AY) Ay AY 7 (AY)
AT 2 AT o) and 5,804 2 AT ngppri<,

u P w ot P
AY P, (Ay) AY P,(AY)

5. Results and Discussion

In this paper, the effect of Hall current on ECF flow along a rotating infinite ver-
tical porous plate in the presence of transverse magnetic field has been investi-
gated using the explicit finite difference iteration technique. To study the physi-
cal situation of the developed problem, it has been obtained for the numerical
values of the primary velocity U, secondary velocity W, angular velocity N, pri-
mary induced magnetic field H,, secondary induced magnetic field A, and tem-
perature @ within the boundary layer for the laminar boundary layer flow. For
brevity, only the effects of Hall parameter S, Magnetic diffusivity number 2,
microrotation number A and spin gradient viscosity A on velocities, induced
magnetic fields, temperature as well as shear stresses, couple stress, current den-

sities and Nusselt number are illustrated.

5.1. Mesh Sensitivity Analysis

To verify the effects of grid space for n, the computations have been carried out
for three different grid spaces such as n=575, n=675 and n=775 are
shown in Figure 3. But a negligible change has been seen among these primary

velocity profiles, which proves the accuracy of the taken mesh.
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N

- n=525 Enlargement of the
— — —n=625 Narrow Region G =2.00,
""" nE(es M=0.50
08 NN iiron
0.332 N D,=0.50,
- 07 0s31l M\ R=0.80,
5ol Y A=1.50,
g 0.33 \, \\ Ay
] \ A=0.50,
> 05 K = il
> 0329} _ SN Pr=10.00.
- DA .
£ T 186 187|050
= P =0.71,
& o3t '
E,=0.50,
0.2 B=1.50,
S =0.50
0.1 -
0 : :
0 1 2 3 4 5

Co-ordinate Variable, Y

Figure 3. Illustration of primary velocity for different values of Grid Space n.

5.2. Code Validation Test

The verification of the finite difference solutions by Studio Developer FORTRAN
(SDF) 6.6a is achieved with the finite difference solutions by MATLAB R2018a.
The same results are obtained from the above-mentioned tools. The computa-

tions for Primary velocity Uhave been shown in Figure 4.

5.3. Steady-State Solution

In order to verify the effects of time step size Az, the computations have been
carried out for four different time step sizes as r=1, =20, r=30 and
7 =40. It is observed that the result of computations for U, W, N, H,, H; and 6,
however, shows so few changes after 7 =20 also shows a negligible change af-
ter 7=30. Thus the solutions of all variables for =30 are essentially the

steady-state solutions, which are shown in Figure 5 for primary velocity curves.

5.4. Effect of Parameters

In order to get the clear concept of physical properties of the problem, the effects
of four parameters namely Hall parameter S, Magnetic diffusivity number P,
spin gradient viscosity A and vortex viscosity A of primary velocity (U), shear
stress along x direction (z,), secondary velocity (W), shear stress along z direc-
tion (7,), angular velocity (), couple stress, primary induced magnetic field
(H,), current density along x direction (/,), secondary induced magnetic field
(H,), current density along z direction (/,), temperature () and Nusselt number
(NV,) have been computed within the boundary which represent graphically
through Figures 6-17. For brevity, the effects of other parameters are not
shown. For better visualization, some enlargements have been shown for differ-
ent narrow regions.

Figure 6(a) displays the effect of 5, on the primary velocity and Figure 7(a)
displays the effect of S. on the shear stress along x direction for different P,
Primary velocity and shear stress along x direction increase for the increasing

values of g, and P,. Figure 6(b) displays the effect of A on the primary velocity
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SDF 6.6a Result MATLAB R2018a Result
1 1
09 G,=2.00, M=0.50, D_=0.50, 09 G,=2.00, M=0.50, D,=0.50, ]
R=0.80, A=1.50, A=2.00, R=0.80, A=1.50, A=2.00, |
08 P,,=10.00, 5,=0.50, P, =0.71, 08 'n=10.00,
" - _ P =0.71,
07 E,=0.50, 4=-150, § =0.50 07 v ]
= - E_=0.50, 3=-1.50, S =0.50
2 © B ]
%‘ 0.6 £06
$ 3
Los 505 1
z g
o4 £ o4 4
o 03 %03 1
02 0.2 1
0.1 0.1 ]
0 0
0 1 2 3 4 5 0 1 2 3 4 5
Co-ordinate Variable, Y Co-ordinate Variable, Y

Figure 4. Comparison between SDF 6.6a Results with MATLAB 2018a Results of Primary

Velocity U.
1 T T
Gr:2'00' M=0.50, Da:D.SO,
08 R=0.80, A=1.50, A=2.00, i
2=0.50, P, =10.00, 3,=0.50,
\ Pr:0'71' Ec:0.50, 3=-1.50,
061\, §,20.50 1

Primary Velocity, U
o
N

o
»

Co-ordinate Variable, Y

Figure 5. Illustration of primary velocity for different values of dimensionless time 7.

1 1
.P=10 G,=2.00, 5,=0.50, A=1.00, X=0.07
. P,=10 Pm=1°' Da=0~50y A=1.50, A=0.07
08 P _=10 — 00, \=0.07
n” 08 M=0.50, R=0.80,  — — — 5=1.00. A=0.50
S R A=150,P=0.71, — — —)_150 A=050
2 06 -P=180 2 =0.50, 4=-1.50, — — —AL2.00, A=0.50
2> 0685 069 0695 —— P15 2
&= S 0.6 =0. :
8 Enlargement of the E 0.50 Enlargement of the
2 04 Narrow Region ° Narrow Region
g 2
£ g 04 &7
T 02 £ 0.8
o
0.845
° G,=2.00, A=1.50, M=0.50, R=0.80, A= 2 0844
=200, A=1.50, M=0.50, R=0.80, A=2.00,
A=0.50, P =0.71, E,=0.50, #=-150, §=0.50
02 ; . . : . . . o
o 05 1 15 2 25 3 35 4 0 1 2 3 4 5

Co-ordinate Variable, Y Co-ordinate Variable, Y

(a) (b)

Figure 6. Primary velocity for various values of (a) f.and P, (b) A and A.
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Figure 7. Shear stress along x direction for various values of (a) f.and P,, (b) A and 1.
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Figure 8. Secondary velocity for various values of (a) f.and P, (b) A and 1.
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Figure 10. Angular velocity for various values of (a) B.and P, (b) A and A
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Figure 11. Couple stress for various values of (a) f.and P, (b) Aand A.
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Figure 17. Nusselt Number for various values of (a) S.and 2,, (b) A and A.

and Figure 7(b) displays the effect of A on the shear stress along x direction for
different A. Primary velocity and shear stress along x direction decreases for the
increasing values of A and increases for the increasing values of A, where the en-
largement of the narrow region denotes the clear visualization.

Figure 8(a) displays the effect of 5, on the secondary velocity and Figure 9(a)
displays the effect of S, on the shear stress along z direction for different P,
Secondary velocity and shear stress along z direction increase for the increasing
values of B, and P,. Figure 8(b) displays the effect of A on the secondary veloci-
ty and Figure 9(b) displays the effect of A on the shear stress along z direction
for different A. Secondary velocity and shear stress along z direction decrease for
the increasing values of A and increases for the increasing values of A.

Figure 10(a) displays the effect of 5, on the angular velocity for different P,
Angular velocity decreases for the increasing values of g, and P,. Figure 10(b)
displays the effect of A on the angular velocity for different A. Angular velocity
increases for the increasing values of A and decreases for the increasing values of
A. Figure 11(a) displays the effect of S, on the couple stress for different P,
Couple stress increases for the increasing values of g, and P, Figure 11(b) dis-
plays the effect of A on the couple stress for different A. Couple Stress decreases
for the increasing values of 1 and increases for the increasing values of A.

Figure 12(a) displays the effect of S, on the primary induced magnetic field
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for different P,. Primary induced magnetic field decreases for the increasing
values of f, and P, Figure 12(b) displays the effect of A on the primary induced
magnetic field for different A. Primary induced magnetic field decreases for the
increasing values of A and increases for the increasing values of A. Figure 13(a)
displays the effect of S, on the current density along x direction for different P,
Current density along x direction increases for the increasing values of S, and
P,. Figure 13(b) displays the effect of A on the current density along x direction
for different A. Current density along x direction increases for the increasing
values of A and decreases for the increasing values of A.

Figure 14(a) displays the effect of 5, on the secondary induced magnetic field
for different P,. Secondary induced magnetic field decreases for the increasing
values of S, and increases for the increasing values of P,. Figure 14(b) displays
the effect of A on the secondary induced magnetic field for different A. Second-
ary induced magnetic field decreases for the increasing values of A and increases
for the increasing values of A. Figure 15(a) displays the effect of 5, on the cur-
rent density along z direction for different P,. Current density along z direction
increases for the increasing values of f, and P,. Figure 15(b) displays the effect
of A on the current density along z direction for different A. Current density
along z direction increases for the increasing values of A and decreases for the
increasing values of A.

Figure 16(a) displays the effect of 5, on the temperature for different P,
Temperature increases for the increasing values of B, and decreases for the in-
creasing values of P,. Figure 16(b) displays the effect of A on the temperature
for different A. Temperature increases for the increasing values of A and A.

Figure 17(a) displays the effect of 5, on the Nusselt number for different P,,.
Nusselt number decreases for the increasing values of S, and increases for the
increasing values of P,. Figure 17(b) displays the effect of A on the Nusselt
number for different A. Nusselt number decreases for the increasing values of A
and A

6. Conclusions

This paper has investigated the effect of transverse magnetic field and Hall cur-
rent on the boundary layer heat transfer flow along a vertical infinite porous
plate. Numerical calculations are carried out for various values of the dimen-
sionless parameters. Some important findings of this study are given below:

1) The shear stress in x direction increases with the increasing of 3, P,, A and
decreases with the increasing of A.

2) The shear stress in z direction increases with the increasing of g, P,, 1 and
decreases with the increasing of A.

3) The couple stress increases with the increasing of g, P,, A and decreases
with the increasing of A.

4) The current density in x direction increases with the increasing of g, 2,, A

and decreases with the increasing of A.
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5) The current density in z direction increases with the increasing of B, P,, A
and decreases with the increasing of A.
6) The Nusselt number increases with the increasing of 2,, and decreases with

the increasing of £, A and A
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