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Abstract. The effects of Hall current on oscillatory flow afcouple stress fluid in an
inclined channel of blood has been considered. @losed form solutions for the
velocity, temperature and concentration fields ait#ained analytically and then
evaluated numerically for different values of paedens usindlathematicaappearing in
these equations. To have a better insight of tloblem the variations of the physical
quantities with flow parameters are shown graphjic8ly introducing a critical Magnetic
field, the limit for Magnetic field with Hall currd is also discussed.
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Nomenclatures:

B, External magnetic field concentration

g Gravitational acceleration u Axial velocity

Gr Grashof number (x,y)  Space coordinates

Gc Modified Grashof number a Angle of inclination

H Hartmann number G Specific heat at a constant

K Permeability factor pressure

N Thermal radiation parameter B Coefficient of volume expansion

Nu Nusselt number due to temperature

p Pressure n Coefficient of couple stress

Pe  Peclet number y Couple stress parameter

q Radiative heat flux U Dynamic viscosity

Re Reynolds numbe_r_ v Kinematic viscosity

k Thermal conductivity L .

i Time o Conductivity of the medium
w Angular frequency

T,C  Fuid temperature and
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Yo Fluid density Kc Chemical reaction parameter
m Hall current parameter Da Darcy number
To,Tw Lower and upper wall S Porous parameter
temperature Sh Sherwood number
Co,C, Lower and upper wall C Shear stress
concentration
Sc Schmidt number

1. Introduction

Understanding the physics of oscillating (or traest) flow of complex fluids in small
channels is of fundamental interest for many biiglalgand industrial processes, e.g. the
guasi-periodic blood flow in the cardiovascularteys can be described by the frequency
components of the pressure and flow rate pulseanyMascular diseases are associated
with disturbances of the local flow conditions letblood vessels. Various studies on
oscillatory flow, experimental as well as theoralichave been carried out by many
researchers. A steady and transient solution desgrihe flow of a viscous fluid at small
and large times by the Laplace transform method pm@sented by Erdogam [5].
Vajravelu and Rivera [24] obtained uniformly vaidlutions for the hydromagnetic flow
at both moving plate and an oscillating plate. Mdki and Mhone [9] investigated the
combined effect of a transverse magnetic field eadlative heat transfer to unsteady
flow of a conducting optically thin fluid through @hannel filled with saturated porous
medium and non-uniform walls temperature. Ali et[&] analysed hydromagnetic flow
and heat transfer of a Jeffery fluid over an oatilly stretching surface and Nisat
Nowroz Anika et.al [13] studied the Numerical treant of MHD on unsteady
Magnetohydrodynamics Fluid flow past an infinitdatoing vertical porous plate with
heat transfer considering the Hall current effesamir et al. [2] studied a two-
dimensional oscillatory flow inside a rectanguldracnel for Jeffrey fluid with small
suction and investigated the viscoelastic behasfonon-Newtonian fluids subject to
time harmonic oscillations.

The study of couple stress fluid is very usefulimderstanding various physical
problems because it possesses the mechanism tibdabeological complex fluids such
as liquid crystals and human blood. By couple stiftsd, we mean a special case of
non-Newtonian fluids. In further investigation maswthors have assumed blood to be a
suspension of spherical rigid particles (red cebsld this suspension of spherical rigid
particles will give rise to couple stresses inuadfl

The theory of couple stress was first develope&imkes [22] which represents
the simplest generalization of classical theory.Hdd proposed Linearized constitutive
equations for force and couple stresses in fluitd solved a series of boundarglue
problems to indicate the effects of couple stresseswell as for various material
constants. A simple mathematical model depictingotl flow in the capillary is
developed by Pal et al. [16], with an emphasishenpgermeability property of the blood
vessel, approximated as cylindrical tube with anmmable wall, based on Starling's
hypothesis. Effect on the flow of blood by applyiegternal magnetic field was studied
by Eldabe et al. [6] by considering the flow isvee¢n two parallel fixed porous plates,
which is the major consideration of this work. Tbeuple stress fluid flow through
porous medium has been studied by many researcheys, Hiremath and Patil [7]
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investigated the natural convection oscillatorywflof a couple stress fluid through
porous medium. Ogulu [14] obtained the effectsanfiative heat transfer and oscillatory
temperature on couple stress fluid thermal conerdti a porous medium. Sarojini et al.
[18] investigated an MHD flow of a couple stressidl through a porous medium in a
parallel plate channel in the presence of the etiénclined magnetic field. Md. Saidul
Islam et.al [11] examined the steady two-dimendioWdHD free convection and mass
transfer flow past through an inclined plate witkah generation, and the MHD free
convection fluid flow with the Soret effect on thembined heat and mass transfer in a
rotating system was analysed by Rahman et al. 2Q]taking into account of the Hall
current, an analysis of a generalized MHD Coudtie,f is presented by Soundalgekar
and Uplekar [21]. An analytical study on the ostdry hydromagnetic flow of a viscous,
incompressible, electrically-conducting, non-Newvigon fluid in an inclined, rotating
channel with non-conducting walls, incorporatingigle stress effects was presented by
Sahin et al. [3]. Syamala et al. [23] discussedstieady hydro magnetic flow of a couple
stress fluid in a parallel plate channel througtoeous medium under the influence of a
uniform inclined magnetic field inclined at an amglith the normal to the boundaries.
Seth et al., [19] have investigated the effectddali current and rotation on unsteady
MHD Couette flow of a viscous incompressible elealty conducting fluid in the
presence of an inclined magnetic field and repattatithe Hall current and rotation tend
to accelerate fluid velocity in both the primaryaecondary flow directions.

Magnetic field has retarding influence on the fluelocity and the angle of
inclination of magnetic field has accelerating uefhce on the fluid velocity. Under the
influence of a uniform transverse magnetic fieldirtg hall current into account the
unsteady flow of an incompressible viscous fluidairrotating parallel plate channel
bounded on one side by a porous bed was presegtétedra Krishna and Jagdish
Prakash [25] and the unsteady MHD free convectimw fof an incompressible
electrically conducting fluid by Veera Krishna a@diarnalathamma [26].

When an electrical current passes through a sapigbed in a magnetic field, a
potential proportional to the current and to thegnetic field is developed across the
material in a direction perpendicular to both tlheerent and to the magnetic field. This
effect is known as the Hall effect, and is the ®adi many practical applications and
devices such as magnetic field measurements, asitiomoand motion detectors. Effect
of hall current on MHD flow fluid have been exteredy studied by many authors. For
e.g., such effect on nanofluid beyond boundaryrldigev over rotating channel by Md.
Abdel-Wahed and Md. Akl [12], the effects of Halircent, rotation and Soret number on
an unsteady MHD natural convection flow with heatl anass transfer of a viscous,
incompressible, electrically conducting fluid byn§ih and Reena Pathak [20], the effect
of mass transfer and Hall current on unsteady MW fof a viscoelastic fluid in a
porous medium by Omokhuale and Onwuka [15], tliecefof mass transfer and Hall
current on unsteady MHD flow of a viscoelastic dlin a porous medium by Khem
Chand et al., [8], and the effects of Hall curremttation and Soret number on an
unsteady MHD natural convection flow with heat améss transfer of a viscous,
incompressible, electrically conducting fluid byr®a and Pandit [17] are few among
them.
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In the present paper, the blood is represented bguale stress fluid and we
investigate the effect of hall current in oscillatdlow in an inclined channel. The closed
form solutions for the velocity, temperature andhamtration fields are obtained
analytically and the softwardfathematica’is used to obtain the numerical values for the
different parameters appearing in the equationd uséis work. To have a better insight
of the problem the variations of the physical qiieest with flow parameters are plotted
usingOrigin software. In the following sections, the problemmulated, solved, and the
pertinent results are discussed.

2. Mathematical formulation

We consider the flow of an incompressible, viscand electrically conducting couple
stress fluid flowing through an inclined angteunder the influence of externally applied
homogeneous magnetic fidBj and radiative heat transfer as shown in the Figuteis
assumed that the fluid has small electrical conditiztand the electromagnetic force
produced is very small. Assuming a Boussinesq imeessible couple stress fluid, the
equations governing the motion for our model artobews:

Figure 1. Geometry of the problem

The momentum, heat transfer and concentration emsaare considered for our model
in the form,

ou_-10p 0°u_  _9*u v oBu _ .

5 o Vo T kY oae TP o 1

ot pox Loy oy K mz)+g’8( b)sina + g8, (C- G)sina (1)
-1dp

ooy @)
p oy
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ar __k ¥T_10q -
ot pc, 0y pc, 0y
oC ’c .
—~=D—=-K,(C-C 4
6'[ ayz c( 0) ( )

wherem:ﬂ is the Hall parametee is the electric charge, n is the number of density
en

of electrons. The boundary conditions are,

T _~ 0% _ _

u=0T=T,,C=G,——=0, ay=a (5)
ay

T _ ~ 0% _ _

u=0,T=T,,C= q,,a—z-o, aty= ( (6)
y

where, the meanings of all the symbols appearinghé equations are listed in the
nomenclature. The fluid is observed to a optictiip with a relatively low density and
radiative heat flux is given in Cogley et al. [4] b

? =402 (T, - T), (7)
y

where,b is the mean radiation absorption coefficient.
The following dimensionless variables and paransedes used:

y:é,_:l’uz_u’_p: ap ’ng_TO !¢: C_Q 1Re:%1
a a a pvu T,-T G- G vV
2 2 U
F:y’szﬂ,Dazﬁz’SZ:i'Pe: apCp’ ‘S:%,
a pv a Da k D 8)
2,2 2 _ —
N2:4b a ,Gr:a gIB(TW -E),GC: éWC(Q\/ Q)’y2:iz,
k vU vU va
2
K =Kk &

D
whereU is the flow mean velocity and D is the moleculdfudivity.

The dimensionless governing equations together wiith appropriate boundary
conditions ( neglecting the bars for clarity) canvritten as

ou _ dp , d°u o’ ., H? . .
Re—=—r+2_—+)P——— (S%+ u+ Grsinad+ Gcesimr 9
ot ox oy’ yzay‘ ( 1+m2) ¢ ®)
0=-9° (10)
oy
2
pe??-99 g (11)
ot oy
dp _0°p
Sc—~=-——-K 12
ot oy @ (12)
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And the boundary conditions (5) and (6) becomes
d°u

u=0,6’=1,(0= 1,—2= O, aly= . (13)
oy
Cap—nme ndU_ _
u=0,0=0p=0—=0ay= ( (14)
oy
In order to solve equations (9)-(12) for purelyitbatory flow, let,
d jwi j i i
P =B U=y (Y EO(YI=6 (Y0 Vg (V' (15)

whereB is a constant and is the frequency of the oscillation. Substitutihg above
equations (15) into equations (9)-(12), we obtain:

;/264[1f +azuf -Zu, = B- Grsina#é, - Gesina 16
o oy AT f 2 (16)
0°6,
zf +rr126f =0
o a7
2
i
V—micof =0 (18)
with boundary conditions (13) and (14) becomes,
a°u
u =06, =1¢ = 1?: 0ay= | (19)
62
u, =0,6, =0,¢ = 0; ay; =Oaly= | (20)

Solving equations (16) - (18) subject to conditigh8) and (20) and using equations
(15), we get

_ eny —gmy .
o(y,t) = wjét (21)
_ emy —gmy .
Ay, 1) = wjé t (22)
ce+ CEY+ e+ gEn .
u(y, t) - 1 g , _E g , . :|e|wt (23)
__Zz_za(énl -e")-Z(e’- ")
wherem, m, m, m, G, G, G and ¢ are given in the Appendix.
The Shear stres€f{) at the upper wall of the channel is given by
__0u __|GMeE+ GmE - GmeE - Cme ), (24)
Y “Zm(& +em)- Z ny( B+e™)
at y=
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The rate of heat transfer or Nusselt Numb&tu() and the rate of mass transfer or
Sherwood NumberSh at the upper wall of the channel are given by

Nu = _ﬁ‘ = _{M} gt (25)
oy (" -em)
at y=1
__9¢ _ | M€+ ™) | 26
Sh ay‘ {(e’*‘z—é”‘z)}é” (26)
at y=1

From equation (8), it is possible to arrive a felatfor ‘critical magnetic field’ (B), at
which the +ve velocity will change to —ve. HendB.,' ‘can be derived from the
dimensionless parametét as,

_a’oB?
yoll

H? (27)

3. Results and discussions

We have taken the real part of the results obtaimedjuations (21) — (26) and made use

of the following parameter valudBe = 0.71,Gr = 1, G¢=1, Kc=1, S&1, Re= 1,

t=0,w=1,S=1,H=1,N=1,a=m/4, m=1,B=1, andy=1. The said values are

kept common in the entire study except for varialdies as displayed in Figures 2 to 20.
Figure 2 shows the effect of Reynolds numbad (on velocity profile. Increase of

small value oRedoes not show any effect in the velocity. ButRe >10,shows a small

difference of increase in velocity. Figure 3 repras the effect of Peclets numbe&ej

on velocity profile. Higher values dPe shows the higher values of velocity.

Figure 4 displays the thermal effect or heat réalaparameterN) on velocity
profile. The thermal effect on velocity shows a aekable role, ie, the increase Nf
shows a velocity increase throughout the diamdtdreochannelf) and it is maximum at
the midpoint, ie., it increases in the lower chadrvaf space and decreases in the upper
channel half space.

Figure 5 displays the effect of Hartmann numlb&rg¢n velocity profile. A small
increase on velocity follows Hartmann number. Ossuits show that increasing
magnetic field intensity increases the shear stvesish is contrary to Makinde and
Mhone [3] that they observed a decreasing trentth®iincrease in our result is very
little, in the order of 10,

Figure 6 shows the effect of Grashoff numb@&r)(on velocity profile. A
decrease in velocity maximum is observed wken 0.5 and the variation of velocity
maximum is same for the interval @r=0.5, 1.0 and 1.5 respectively, (at y=0.5,
Unmax=0.0053 forGr=1.0; at y=0.4, M.x = 0.00304 for Gr=1.5). That is, when>&r0, the
Umax IS Obtained at40.5, ie., at the lower half of the channel, whielm @lso be expessed
as, with increase of Gr the resistivity also inse=sawhich is similar to the result obtained
by Ahmed Sahin et al.[3].
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Figure 7 displays the effect of modified Grashoffmber Gc) on velocity
profile. A decrease in velocity due to increaseGinis predicted. Figure 8 shows the
effect of couple stress fluidy() on velocity profile. Our result also shows anrease in

the couple stress parameter increases the resstartbe flow and thereby which may
lead to decrease of the volume rate flow, whidm isoincidence with Pal et al. [16]. The
velocity peak is observed at the midpointyand it is directly proportional to the couple
stress parametery(), but it is inversely proportional to the angleio€lination (a)and

are shown in Figures 8 and 9.

The role of the Hall current in increasing the w#lp of the fluid is critically
essential, since the limit at which the influenéemagnetic field in the absence of Hall
current shows a negative velocity. It can alsotheed that the inclusion of Hall current
alone gives a meaningful argument about the phlysieaning of velocity in this study.
From the Figure.10 it is shown that increase of metig field increases the velocity
maximum, but, wheid > 9.3, it gives a negative velocity (Figure.11)tle absence of
Hall current (m=0). And at the presence of Hallreat (m> 0), the velocity is always
positive for all external magnetic field. Hencey, floe possible increase of velocity and to
obtain the velocity maximum at the center of thargtel, presence of Hall current is an
essential one.

It is important to note here that, at the firshei the limit of magnetic field for
the continuous application of it in the dynamicstioé fluid is determined. We have
arrived here a ‘Critical Magnetic Field'B¢, that is, the magnetic field at which the
velocity becomes zero (eqn. 27), which is pictyialhown in Figure.12. From the
results it is evidenced that the forward moveméie fluid beyond ‘B’ is possible only
because of the presence of Hall current.

Figure 13 shows the effect of Peclets numP&) bn temperature profile. When
y increases the temperature effect increases linehdt when the Peclets number
increases the slope get decreases. A similar @fealiso observed for increase of heat
radiation parameteiN), which is shown in Figure 14.

When the chemical reaction parametdfc)( increases, the concentration
decreases slightly, which is shown in Fig.15. Aimel toncentration does not affect much
due to the increase &cand hence higher values K¢ andScmay contribute for higher
concentration profile (Figure 16).

The variation of shear stress with porosity fdfedent Kc values is plotted in
Figure 17. A shift in shear stress #c values € 0.001) for the range of 'S’ indicates the
complete influence oKc in it, but the gradual growth of shear stress fareasing S
shows the difference of shear stress (slope=0.00K621.0) with S is less influential
than Kc. But the upward shift in shear stress wdrtmann numberH’ (Figure 18) is
comparatively high< 0.004) and the slope of 0.00030 for N=1.0 showesstiffness of
shear stress values fbl. From the Figures 17 & 18 it is conceived that itheeasing
radiation parameter through heat absorption caasescrease in the magnitude of shear
stress, which agrees well with Ref.9.

The Nusselt number decreases wRerand N increases(Figure 19) and remains
constant for other parametric changes. The chahdéusselt numberN' with ‘P€ is
gradual for a particular thermal radiation parameéb. For eg., if N=1.0, the slope
obtained is 0.09606 in the downstream, but thedrijhvalues shifts the Nusselt number
downwards with increasing displacement and henegtbater influence of N in Nusselt
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number is understood. The Sherwood number alscedses whelsc andKc increases
(Figure 20). The change of Sherwood numl&t with * S¢ shows a gradual decreasing
effect for a particular chemical reaction paraméka’. For eg., if Kc=1.0, the slope
obtained is 0.05489 in the downstream, but the dritft values shifts the Sherwood
number downwards with nearly constant displaceraent hence the chemical reaction
parameter’s negative influence on Sherwood nunsbexplored.
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4. Conclusion
This paper investigates the effect of hall currenbscillatory flow of a couple stress
fluid in an inclined channel. The velocity and tesrgture profiles are obtained
analytically and numerically usinylathematicaand showed graphically for various
parameters involved in the equations. The followfimglings are obtained out of this
work.
» The velocity profile increased due to increas®@ N,and H while it decreases
due to increase i, Gr, Gg andy.
» A decrease in temperature profile is function oframease ilN andPe
* A decrease in concentration profile is functioranfincrease iKc andSc
» The increasing radiation parameter through heairpben causes an increase in
the magnitude of shear stress.
» The rate of heat transfer decreases with incregsngmetePe andN.
» The rate of mass transfer decreases with increasiragneteScandKc.
» Comparison of our results with the available literas shows good coincidence,
e.g., Ref. (3, 9, 16).
* A negative velocity is expected beyoHd9.3 in the absence of Hall current.
» A critical Magnetic Field B, is introduced at the first time, and the limit thie
Magnetic field for forward direction of the fluid determined.
» The inclusion of Hall current can nullify the effeaf ‘B, ie., eliminating the
reverse movement of blood flow.
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Appendix:

m =+ N* - iwPe

m, =+ Scivt Kc
\/—1 —1 4z,
v

m, = 5

-1 71,44
m = vV \yvt v
" 2

2

Z, =Reiw+ S + H -
1+m

A=yt nt- Z; 21,2
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