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ABSTRACT

In the present study, the unsteady couette flow with heat transfer of a viscous incompressible electrically conducting
couple stress fluid under the influence of an exponentially decreasing pressure gradient is studied. The parallel plates
are assumed to porous and subjected to a uniform suction from above and injection from below while the fluid is acted
upon by an external uniform magnetic field applied perpendicular to plates. The equations of motion are solved by
using transform technique to get the velocity distributions for the fluid and dust particles. The energy equations for
both the fluid and dust particles including the viscous, couple stress parameter Joule dissipation terms are solved by
using Mathematica to get temperature distributions.
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INTRODUCTION

The importance and application of solid/fluid flows and heat transfer in petroleum transport waste water treatment,
combustion, power piping, corrosive particles in engine oil flow, and many other are well known in the literature [1-5].
Particularly, the flow and heat transfer of electrically conducting fluid in channels and circular pipes under the effect of
transverse magnetic field occurs in magnetohydrodynamic (MHD) generators, pumps, accelerators, and flow meters
and has possible applications in nuclear reactors filtration, geothermal systems and others.

The flows of couple stress fluids have many practical application in modern technology and industries, led various
researchers to attempt diverse flow problems related to several non-Newtonian fluids one such fluid that has attracted
the attention of numerous researchers in fluid mechanics during the last five decades in the theory of couple stress fluid
proposed by stokes [6]. The concept of couple stress arises due to the way in which the mechanical interactions in the
fluid medium are modeled. Singh and Pathak [7] have discussed unsteady flow of a dusty viscous fluid through a
uniform pipe with sector of a circle as cross-section, and Pulsatile flow of blood with micro-organism through a
uniform pipe with sector of a circle as cross-section, in the presence of transverse magnetic field has been investigated
by Rathod and Parveen [8]. Also unsteady flow of a dusty magnetic conducting couple stress fluid through a pipe and
the flow of a conducting fluid in a circular pipe has been investigate by many authors Gudiraju et.al, [9]. Dube and
Sharma [10] and Ritter and Peddieson [11] have reported solutions for unsteady dusty gas flow in a circular pipe in the
absence of a magnetic field and particle phase viscous stress. Rathod et.al, [12] have reported solution for couette flow
of a conducting dusty visco-elastic fluid through two flat plate under the influence of transverse magnetic field. Rathod
and Rasheeda [13-14] investigated unsteady flow of a dusty magnetic conducting couple stress fluid through a circular
pipe, and couette flow with heat transfer of a couple stress fluid under exponential decaying pressure gradient.

The possible presence of solid particles such as ash or soot in combustion MHD generator’s and plasma MHD
accelerators and their effect on the performance of such device led to studied of particular suspensions in conducting
fluid in the presence of magnetic fields. For example in an MHD generator coal mixed with seed is fed into a
combustor the coal and seed mixture is burned in oxygen and the combustion gas expands through a nozzle before it
enters the generator section. The gas mixture flouring through the MHD cannel consists of a condensable vapo (slag)
and a non-condensable gas mixed with seeded coil combustion products. Both the slag and the non-condensable gas are
electrically conducting [1, 2]. The presence of the slag and the seeded particles significantly influence the flow and heat
transfer characteristic in the MHD channel. Ignoring the effect of the slag and considering the MHD generator start up
condition, the problem reduces to unsteady two-phase flow in an MHD channel [15, 16].
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In the present work, the transient couette How with heat transfer of on electrically conducting, viscous, in-
compressible, dusty couple stress fluid are studied. The upper plate is moving with a constant velocity while the lower
plate is kept stationary. The fluid is acted upon by on exponentially decaying with time pressure gradient. The couple
stress fluid is assume to be in-compressible and electrically conducting and particle phase is assumed to in-
compressible, electrically non-conducting dusty and pressure less. The fluid is flowing between two infinite electrically
insulating porous plates maintained at two constant but different temperatures while the particle phase is assumed to be
electrically non-conducting. The fluid is subjected to a uniform suction from above and a uniform injection from below
and mass conservation is assumed. An external uniform magnetic field is applied perpendicular to the plates while no
electric field is applied and the induced. Magnetic field is neglected by assuming a very small magnetic Reynolds
number. The governing equation for both fluid and dust particles are solved numerically taking the Joule and viscous
dissipations in to consideration in the energy equations. The effect of the magnetic field, couple stress parameter. The
Hall Current, the ion slip, and the suction velocity on the both the velocity and temperature field are reported.

DESCRIPTION OF THE PROBLEM

The couple stress dusty fluid is assumed to be flowing between two infinite horizontal porous plates located at the
y=+h planes. The upper plates is moving with a constant velocity u, while the lower plates is kept stationery. The
plates are subjected to a uniform suction from above and a uniform injection from below. Thus the y-component of the
velocity of the fluid is constant and denoted by v, The dust particles are assumed to be electrically non-conducting
spherical in shape and uniformly distributed throughout the fluid. So that they are not pumped out through the porous
plates and have no y-component of velocity. The two plates are assumed to be electrically non-conducting and kept at
two constant temperature T, for the lower plate and T, for the upper plate with T,>Tj.

An uniform pressure gradient, which is taken to be exponentially decaying with time, is applied in the x-direction. A
uniform magnetic field B, is applied inthe y-direction. This is the only magnetic field in the problem as the induced
magnetic field is neglected by assuming a very small magnetic Reynolds number [18]. The fluid motion starts from rest
at t=0, and the no-slip condition at the plates implies that the fluid and dust particle velocities have neither a Z nor an x-
component at y=+h. The initial temperature of the fluid and dust particle are assumed to be equal to T;. It is required
to obtain the time varying velocity and temperature distributions for both fluid and dust particles. Due to the inclusion
Hall Current term, a z-component of the velocities of the fluid and dust particles, is expected to arise. Since the plates

are infinite in the x and z — direction. The physical quantities do not change in these direction that % = % =0 and the

problem is essentially one — dimensional. The governing equation for this study are based on the conservation law of
mass, linear momentum and energy of both phases are treated as two interacting continua. The interaction between the
phases is restricted to the inter phase drag force which is modeled by stokes linear drag theory and inter phase heat
transfer. The flow of fluid is governed by the momentum equation.

@20 = Vp + VPV +IxB, - 0 V7 (V2V) - KN(V-v,) N

Where @ is density of the clean fluid, u is the viscosity of the clean fluid, v is the velocity of the fluid,
v=u(y, t) I + ved. v, is the velocity of the dust particles v,= uy(y, )i, J is the Current density. N is the number of dust
particles per unit volume. K is the stokes constant = 6Aua, and a is the average radius of the dust particles. the first four
terms in the right hand side of eg" (1) are the pressure gradient, viscosity, Lorent Z force terms couple stress terms
respectively.

The last term represents the force due to the relative motion between fluid and dust particles. It is assumed that the
Reynolds number of relative velocity is small, In such a case the force between dust and fluid is proportional to the
relative velocity [3]. The current density J from the generalized ohm’s law is given by [17]

J=0[o + v X By 2

Where 6 is the electric conductivity of the fluid [17] solving Equation (2) for J and substituting the result in Equation
(1), the two components of Equation (1)

a a d a2
@5 = Qo 5 =g+ Moy - 68U -1 V¥ (VAu) - KN (U-up) ©)
The motion of the dust particle is governed by Newton’s Second law applied in the x and Z direction.

Oup _
m, =% = KN (u-Up) (4)

Where m, is the average mass of dust particles, It is assumed that the pressure gradient is applied at t=o and the fluid
starts its motion from rest. Thus
t<ou=u,=o. (5)
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For t>0, the no-slip condition at the plates implies that
t>0:y = - h, u=up, y=h u= U,, u, = 0. (6)

Heat transfer takes place from the upper hot plate to the lower cold plate by conduction through the fluid. Since the hot
plate is above, there is no natural connection, however, there is a force convection due to the suction and injection. In
addition to heat transfer, there is a heat generation due to both the Joule and viscous dissipations. The dust particle gain
heat from the fluid by conduction through their spherical surface. Since the problem deals with a two — phase flow, two
energy equation are required [18]. The energy equations describing the temperature distributions for both the fluid and
dust particles read.

ar ar a’r ou\2 Cs
Qe+ ecv, oo = k 57 TH (—a:) +6 B2 u’+ —gf;T (T,-T) (7
aT, -1
—at” = 4 (T,-T) 8)

Where T is the temperature of the fluid, T, is the temperature of the particles. C is the specific heat capacity of the fluid
at constant volume, k is the thermal conductivity of the fluid, g, is the mass of dust particles per unit volume of the
fluid. y; is the temperature relaxation time, and Cs is the specific heat capacity of the particles. The last three terms on
the right hand side of equation (7) represent the viscous dissipation, the Joule dissipation, the Joule dissipation (J%6),
and the heat conduction between the fluid and dust particles respectively. The temperature relaxation time depends, in
general, on the geometry and since the dust particles are assumed to be spherical in shape, the last term in equation (7)
is equal to

4ma NK(T, - T). Hence yr= (3P, y, ¢)/2C

Where ypis the velocity relaxation time = 20d%/9u,p, is the prandtl number = uc/k, and p;is the material density of dust
particles 3P,/4ra’N.

T and T, must satisfy the initial and boundary conditions.

t<0: T=Ty=o.

t>0, y=-h,T=T,=T,

t>0 y=h:T=T,=T, 9)

The problem is simplified by writing the equations in the non-dimensional form. We define the following non-
dimensional quantities.

— — _u ~ _ t= o
x_ha y n' VA ha‘u_ ua'P 0 (2’1 B’
N~ _up o~ _T-Tq Tp—T1

W= T oy Yo "y

Re = ghu,/p, is the Reynolds number.

S =y,/u, is the suction parameter.

P, = uc/k is the prandtl number.

H2 = 6B2h’/u where H, is the Hartmann number.
G= mpulghzk is the particle mass parameter.

KNh? . . .
R= 0 is the particle concentration parameter.

E. = u?/c (T,-T,) is the Eckert number.
L, = oh?/uy is the temperature relaxation time parameter.

In terms of the above non-dimensional quantities the velocity and energy equations read.

ou ou _ O0p 1 0%u 1 1 a%u 1 .2 R

a5 T R oy T reoyt ke ol g (Uth) (10)
Bup_

Ga—t—u—up Z , (11)

ar o _1 977 o 2 24 2R _

ot Say TP 0y? +E (ay) +H; Ecu +3pr (TP T (12)

aT,

Zoo Ly (T,-T) (13)

With the initial and boundary condition,

t<o:u=u=o, t>0;y=-L,u=u,=0,y=1,u=1,u,=o. (14)

t<o, T=T,=0,t>0,Ty=0,y=-1,

T=T,=0,y=1,T=T,=1 (15)

Where the pressure gradient is assumed in the form Z—Z =ce .
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Equation (10), (11), (12) and (13) represent a system of coupled and nonlinear partial differential equation which are
solved by using transformation method (cosine and Hankle transformation).

" -n" (y+a)eX1t— (¢ +a)e?t © ) ~
u= i Z a (]_ — l) (m1+)— . 1 [e—at + ;1/2{ 2 1 }] Z l Jo (yEI) — cos (2m+1)Ay
o m=o Re G (—2 ZMT) a‘—axq1+xy (x2-4x3) =1 & J1ED 7ot
(16)

24N a1y ( _ —lt) 1
Up = o Zm:o Re (1 G) (';l—:) 1-ec aZ—axq+x;
-1 -
1 —at _ —lt> 1 (p+a)(e™l—eT ) (wy+a)(e™2 e ) Z 1 JoGE) _  @m+1)Ay
[1—:16 (e e )+ (Z—4xy)" (1+e¢16) (1+92G) i1 & Jo(&) €0s (17

_ B (—2a+Ly)[(-2a-2p)e? 1t —(—2a-Z1)e? 2t +e 20t |
(yf _4y2)1/2 4a%+ayq+y;

1 (oxp+a)? (201 +L,)[(20¢) —Z)eZ 1t —(2a—Z1 )eZ 2+ ~2%11]
(x3-4x) 4ocf—2x1y1+y2

(<1 +a)2 2y +Ly)
40(% —2y1+Y7

[(2oxp—2p)e? 1t —(20y—Z7)eZ 2 +e2%21]
[(oxq +ocp Zg)e 21 —(oxq +ocp —Z1)ezzt+e(°‘1+°‘2)t]}

_2(x1+a) (xpta)(xq+xz+Lo)

(o +ocp) 2 —(x1 +ocz) y1 +y2
2 {(“z+a) (01 —a+Ly)[(o¢) —a—Zp)e? 1t —(oc) —a—71)e? 2t +e (X1~ a)t]

(x7-4x2)" (x1-a)2—~(x1-a)+y7
(x1+a) (xp—a+Lo) [(°<1—a—22)821t—(°<1—a—Z1)ezzt+€(“2_“”]

(o2—a)?—(ccz—a)y1+y2 (18)
T. = B (~2a+Ly) [(—2a+zz)(e21f—e-Lof) (-2a— Zl)(eZZt—e_Lot)]
p_(Y12_4YZ)1/2 4a?+2ay1+y1 (Z1+Lo) (Za+Ly)
1 (o +a)2 (21 +L,) (20¢q—Z3)(eZ1t—e~Lot) _ Qocg—21)(e%2t—e Loty [e72X1t_e~Lot]
(x3-4x3) 4oi—2x1y1+y2 (Z1+Lo) (Zy+Lo) Q1 +Lo)
(x1+a)?(2up+Lg) [ [Rop+Zp)e?1t—ebol]  (uy—zq)(e?2t—ehot) = (e2%2t_¢~Lol)
(4o —202y1+y2) (Z1+Lo) (Z2+Lo) 2op 1L,
_2(xgta)(spt+a)(xg +a+Lo) _ (e1t—e7bot)y _ (eZ2t—¢~Lot)
(o1 +oc2)2— (o1 +92)y1 +72 [(“1-’_0{2 Z2) (Z1+Lo) (e o= 21) (Za+Lo)
e(°<1+°<2_e—L0]} 2 (<24+a) (xg—a+L,) (ocl—a—Zz)(ezlt—e_LUt)]
(g +ocz)+Lo (x3-4x;)" L(x1-a)2 (1 ~a)y1+y2 (Z1+Lo)
_(ocl—a—zl)(ezzt—e—Laf)= e(*1ta)t_g—Lot __(xqta) (p—a—Lo) [(xq-a—2p)]
(Z2+Lo) (x1—a) +L, (0z—a)2—(oz—a)y14y2
_(eZ1t_e—Lgt)  (wq—a-7y) (eZzt_e—Lot) | (enxz—a)t_e—Lot) (19)
(Z1+Lo) Zo+l, | (xp—a)l,
4 % (-nm 1 ? 1 g (vED) em+Day )
= A s @ __t 1 Jolyel) “m+1)ay
Where B= (1+Ha) <oc Zm:a Re (1 G) (ZT;H) a?—axi+x; > (Zi=1 & Jo(&) cos 2 )

1 2R
—S-LO-E-L%P, =S+ ot T o

=LOS-£—Z, x2=E[H§ - E+ R +&—G+%_521_Re], x3=;—‘:(1—%)%,
o =5 x1 + a4y, ,
o =3 —x1 —xE = 47,],
Zi= yi+(E-ayn” Zz_yl_\/y%_—4n

2 ’ 2 )’

26

Computations have been made forc =-5,«=1,R,=1,P,=1, R=0.5,L, = 0.7, G = 0.8, and Ec=0.2. Ha=h;a? =
g=cuple stress parameter, Plotted the graph for different values of couple stress parameter, suction parameter, Hartman,
decaying parameter and time by using Mathematica.
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RESULT AND DISCUSSION

Figure 1 presents, respectively, the profiles of the velocity components and temperature of the fluid u and T and
particles up and Tp for various values of couple stress parameter. The figures are plotted for H, = 0.5 and S=0.5. As
shown in figures 1a and 1b the profile of u and up are asymmetric about the plane y=0 because of the suction. It is clue
from figures increasing couple stress parameter decrease. u and up for all values of t, In figures 1c and 1d the shows
that increasing couple stress parameter decreases T and T, for all values of t.

Figure 2 shows the time evolution of the velocity components and temperature at the centre of the channel y = o,
respectively, for the fluid and particle phases for various values of the Hartmann number Ha and s = 0, g = 0.1. In
figures 2a and 2b indicate that increasing Ha decreases u and up for all t as a result of increasing the clamping force on
u and up increase T and Tp due to increasing the Joule dissipation. But for large t increasing H, decreases + as a result
of decreasing the velocity u and up and consequently decreases the viscous and Joule dissipations.

Figure 3 presents the time evolution of the velocity components and temperature at the centre of the channel y = o,
respectively for the fluid and particle phases for various values of the suction parameter S and H,= 0. g=0.1. It is shows
that Figures 3 a and b that increasing the suction parameter decreases both u and up due to the conversion of the fluid
from regions in the lower half to the centre which has higher fluid speed. Figures 3c and d shows that increasing S
decreases the temperature at the centre of the channel. This is due to the influence of convection in pumping the fluid
from the cold lower half towards the centre of the channel. It is observed from Figure 2 and 3 that suction has a more
pronounced effect on the particles than that of the magnetic field.

Figure 4 presents, respectively the profiles of the velocity component and temperature of the fluid u and T and particles
up and T, for various values of time t. The figures are plotted for H,=1, S=1, g=0.1. It is observed that the velocity
component and temperature of the fluid reach the steady state faster than that of the particle phase. This a because the
fluid velocity is the source for the dust particles velocity. It is shown that the velocity components and temperatures of
the fluid and dust particles do not reach the steady state monotonically due to the effect of the pressure gradient.

CONCLUSION

The unsteady flow with head transfer of a dusty couple stress conducting fluid under the influence of an applied
uniform magnetic field has been studied in the presence of uniform suction and injection and an exponential decaying
pressure gradient. An analytic solution for the equation of the motion has been obtained while the energy equation has
solved using transform technique. The effect of the magnetic field, couple stress parameter and the suction and
injection velocity on the velocity and temperature distributions for both the fluid and particles phases has been
investigated. It is of interest to see that the effect the magnetic field on the temperature of the fluid and particles
depends on time. Also, It is observed that the suction velocity has more apparent effect than the magnetic field and
couple stress parameter on the steady state time of the velocity and temperature of the dust particles.
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