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The unsteady Couette flow of a second grade fluid
in a layer of porous medium
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IN THIS WORK, the two Couette flows of a second grade fluid are discussed in a porous
layer when (i) bottom plate moves suddenly (i4) bottom plate oscillates. Laplace
transform method is used to determine the analytic solutions. Expressions for the
velocities, volume fluxes and frictional forces are constructed.
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1. Introduction

RECENTLY, THE INTEREST IN FLOWS of non-Newtonian fluids through
a porous medium has grown considerably because of their applications in en-
gineering. Examples of these applications are filtration processes, biomechanics,
packed bed reactors, insulation system, ceramic processing, enhanced oil recov-
ery, chromatography and many others [1,2].

It is now generally recognized that in the industry, non-Newtonian fluids are
more appropriate than Newtonian fluids. The equation that describes the New-
tonian fluid flow is the Navier—Stokes equation. The exact solutions for Navier—
Stokes equation are rare. This class of exact solutions further narrowed down
for non-Newtonian fluids. Amongst the many non-Newtonian models, the fluids
of differential type [3] have acquired a special status. In the case of differential
type fluids, the equations of motion are one order higher than the Navier—Stokes
equation and thus the adherence boundary condition is insufficient to determine
the solution completely (see refs. [4-6] for a detailed discussion of the relevant
issues). One particular subclass of differential-type fluids for which one can rea-
sonably hope to obtain the exact solutions is the second grade fluid. The Cauchy
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stress tensor T for second grade fluid is
(11) T = —pI—{—[LAl —|—CY1A2—|—OL2A%,

in which —pI is the spherical stress due to the constraint of incompressibility,
w1 is the dynamic viscosity, a1 and as are material moduli, A; and Ag are the
first two Rivlin—Ericksen tensors [7] defined by

(1.2) A, = (gradV) + (gradV)*,
dA, *
(1.3) A, = — A (gradV) + (gradV)" Ay,

where V is the velocity, grad is the gradient operator, () is the matrix transpose
and d/dt denotes the material time derivative. The critical review on thermody-
namic behavior of second grade fluids is given in the reference [8].

In a porous half-space, JORDAN and PURI [9] made a study of Stokes’ first
problem in a second grade fluid. The unsteady flow of Stokes’ first problem
examines the diffusion of vorticity in a porous half-space filled with a viscous
incompressible fluid that is set to motion when an infinite flat plate moves with a
constant velocity in its own plane for ¢t > 0 (¢ is the time). For unidirectional flow
of second grade fluids, the solution obtained in reference |9] does not satisfy the
initial condition of the model. More recently, TAN and MASUOKA [10] studied the
Stokes’ first problem for a second grade fluid in a porous half-space with heated
boundary. The motion of a viscous fluid caused by the sinusoidal oscillation of
flat plate is termed as Stokes’ second problem [11]. Exact solutions for unsteady
Couette flow of a dipolar fluid have been given by JORDAN and PURI [12]. In
another paper, Jordan and Puri [13] considered the flow due to accelerated plate
in a dipolar fluid. The study on the flow of a viscous fluid over an oscillating
plate is not only of fundamental theoretical interest but it also occurs in many
applied problems such as acoustic streaming around an oscillating body, or an
unsteady boundary layer with fluctuation [14].

In this paper we extend the work of JORDAN and PURI [9] and our purpose
here is two-fold. Firstly, to discuss the flow of a second grade fluid in a porous
layer between two plates when one of the plates is suddenly moved and other
being at rest. Secondly, to examine the flow when one of the plates is oscillating
and the other is at rest. The space between the two plates is porous with con-
stant permeability and porosity. Modified Darcy’s law is used to incorporate the
effects of the pores on the velocity field. When the fluid motion is set up from
rest, the velocity field contains transients determined by the initial conditions
and these transients gradually disappear in time. For large times, the transient
solution behaves like a steady solution. In order to obtain the unsteady solution,
a transient solution must be added to the steady-state solution.
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2. Mathematical formulation

Let us consider the flow of a second grade fluid between two plates at y = 0
and y = h when the positive y-axis of a Cartesian coordinate system is in
the upward direction. The second grade fluid fills the porous layer 0 < y < h
(see Fig. 1). The z-coordinate is parallel the direction of the flow. Initially, both
plates and fluid are at rest. At time ¢ = 0T, the lower plate suddenly starts to
slide (or oscillate) in its own plane. The considered plates are rigid and infinite.
Under these assumptions, the flow velocity at a given point in the porous layer
depends only on its y-coordinate and time ¢ and thus the velocity is

(2.1) V= (u (y7t) 7070)

in which w is the x-component of the velocity.

Since the flow is unsteady, the interaction terms depend upon the drag and
virtual mass effect. The relation between the pressure drop and velocity for
a second grade fluid in porous media is

(2.2) Vp = —% (u + a1§t> V,

where K (> 0) and ¢ (0 < ¢ < 1) are the (constant) permeability and porosity,
respectively.

Note that Eq. (2.2) ignores the boundary effects on the flow and cannot be
directly used to analyze flow problems in a porous space. Thus modified Darcy’s
law based on a local volume averaging technique [15-17] will be considered in
a porous layer. Under consideration of the balance of forces acting on a volume
element of fluid, the local volume average balance of linear momentum is given
by [15, 17]

pc%t] =divT +r,

in which p is the fluid density and r is the Darcy resistance for a second grade
fluid in the porous space. Due to the volume averaging process, some information
is lost, thus requiring supplementary empirical relation for the Darcy resistance
[15] to be known as a measure of the resistance to the flow in the bulk of the
porous space and r is also a measure of the flow resistance offered by the solid
matrix; then r satisfies the following equation [15]:

0
(2.4) r= —% <u + al@t) V.

Using (2.4) into (2.3) we have

dv

8 o

(2.3)
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Substituting (1.1) into above equation, one obtains

(2.6) N vptaivs— L (u " 0‘1575) v,

Pat K
where S is the extra stress tensor which for second grade fluid is
(27) S = ,uAl + a1Ag + OQA%.

It is noted that if the terms dV/dt and divS are ignored then (2.6) reduces to
(2.2).
Now from (2.1), (2.6) and (2.7) we can write

ou  d%*u 9 Pu é (

_1_7

2. =i
(28) ot "oy Yool T K

y—l—d2§t)u:0,

in which v = pu/p is the kinematic viscosity, pd*> = aj(d (>0), the elastic
coefficient, has the unit of length [9]) and pressure gradient in the z-direction
is neglected which is reasonable when there is no applied pressure gradient. We
are interested here in two initial-boundary value problems:

(i) Couette flow with sudden motion of bottom plate,

(ii) Couette flow with oscillation of bottom plate.

¥ Second Grade Flud Fills
PorousLayer (0 <y <h)
Stationary Plate

L ulh,£)=0

— — I — J— J— _ x

|—Dt\

Oscillating Plate
u(0,8)= Uge ™ )

Fi1c. 1. Physical model under consideration.

3. First problem

This section deals with the solution of a second grade fluid in a porous layer
in absence of the pressure gradient. The flow is induced due to motion of the
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lower plate i.e., for £ > 0, the plate at y = 0 starts to slide in its own plane
with a constant speed Uy, i.e. the velocity of the plate is given by (Uy, 0, 0).
The plate at y = h is kept fixed. Under this situation, the boundary and initial
conditions are given by

u (0, t) = Upb (t), u(h, t) =0,

u(y,0)=0 (y>0),

(3.1)

where 6 (-) denotes the Heaviside unit step function.
Defining the dimensionless quantities

/ u / y / vt / h2(/.) d
3.2 = — == t=-— =—) I== = hv/o/K
( ) u UO Y h’ h2 Y v h, ﬁ ¢/ )
the governing problem becomes

ou  0%u Pu
. 1422y 2% _ U g
(3:3) U+00) 5t ~ o ~ U ayan

+ 3% =0,

u(0,t)=46(t), (1,t) =0,
(3.4)
u(y,0)=0 (y > 0),

where the primes have been suppressed for simplicity.
For the solution of (3.3) subject to (3.4), we define

(3.5) @y, 5) = Llu(y, t)] = / et (y, t) dt
0

as the Laplace transform of u (y, t) (where s is a Laplace transform parameter).
Taking Laplace transform of (3.3) and (3.4), we arrive at

du (BP+s(1+p573)\_
(3.6) dy2—< e )u-(),
(3.7) 70, ) = % a1, 5) = 0.

Solving the above problem we have

sinhq (1 —y)

(33) Ty, s) = L



410 T. Havar, MAsooD KHAN, M. AvyuB, A. M. SIDDIQUI

where
1/2
(3.9) | B s (14 522 /
) 7= 1+ si? '
Taking inverse Laplace transform we obtain
r4+i00 L ( ) ol
1 sinhg(l—y)e
3.10 t)=0 (1) — ds.
( ) u(y:?) ()27ri / ssinh ¢ s
T—100

In order to obtain the solution, we have to solve the integral in (3.10). For that we
use the complex variable theory. It is seen that s = 0 is a simple pole. Therefore,
the residue at s =0 is

_ sinh B (1 —y)
B sinh@

(3.11) Res (0)
The other singular points are the zeros of
(3.12) sinhq = 0.
Setting ¢ = i\, we find

(3.13) sin A = 0.

If \, =nm,n=1,2,3,...,00 are the zeros of (3.13), then

62 +n2ﬂ'2
L+ (B2 +n2n2)12)’

(3.14) Sp = n=123,..,00

are the poles. The residue at all these poles is obtained as

2(=1)" nmesnt

(3.15) Res (sn) = ) L 7 (2 5 n2n) 1)

sinnm (1 —vy).

Adding Res(0) and Res(sy,) , a complete solution is given by

sinh 8 (1 — y)

(3.16) u(y,t)=9(t)[ sinh 3

> (—1)" nesnt
e nzl (1 n2n2) [1+ (B2 + n2n?) 7]

sinnm (1 —y) |.
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The steady-state solution is of the following form:

(3.17) w = (W) ,

which holds for large .
The volume flux Q) across a plane normal to the flow is

1
(3.18) Q= [ udy
/

and inserting (3.16), one finds that

coshf —1

(3.19) Q—H(t)[ enh

esnt

+22 /82 n2m 2)[1+(ﬂ2 1+ n2r 2)l2]{ )_1}

Since the fluid is set into motion through the action of the stress at the plate,
the calculation of the stress field is in need. The dimensionless stress can be
represented by

ou 2 0%u

(3.20) T= o + ayot

On the moving plate at y = 0, we have

(321) 1 =0(t) |—Bcoth s — 21> (
n=1

77,265"t

24+ n27w2) [1 4 (82 + n?n?) l2]2]

and on the stationary plate at y = 1 we can write

B - B 2 1)71 2 snt
(3.22) T =10() smhﬁ Z (62 +n27r2 (14 (52 —}-n2772)l2]2] '

4. Second problem

In this section, we discuss the flow of a second grade fluid in a porous layer
0 < y < h when no pressure gradient is applied. The plate at y = 0 is oscillating
in its own plane with frequency w. The oscillating plate at y = 0 is responsible
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for generating the motion. The plate at y = h is at rest. The corresponding

boundary and initial conditions are
u (0, t) = Upe™'0 (t), w(h,t)=0,
) (0.) =Uoe™'0(t), (b1
u(y, 0)=0 (y>0

After suppressing the primes, the dimensionless conditions are of the following
form:

u (0, t) = “'0 (1), u(l,t) =0,
u(y, 0)=0 (y>0).

We note that the mathematical problem is the same as in Sec. 3 except that the
boundary conditions (4.1) replace the conditions (3.1). Therefore, employing the
same procedure as in Sec. 3, we obtain

(4.2)

sinhm (1 — y) ™! 2 (=1)" nesnt
(4.3) wu(y,t)=06(t) [ Si(nhm) —|—27r2( )D sinnm (1 —y)|,
n=1
where 12

ﬁg (1 + w2l4) + % +iw
m =
14 w24

D= [1 + (ﬂQ + n27T2) lﬂ [(52 + n2ﬂ'2) (1 + ile) + iw] :

The steady-state solution is of the following form

(4.4) " (Sinhm (1—y) em> |

sinh m
The volume flux @ across a plane normal to the flow is

wwt

(45) Q=e<t>[(cosﬁz’;ﬂe e {(—1)”—1}].
n=1

The shear stress on the oscillating plate at y = 0 is

© 2 ,snt
_ L2\ iwt 2 n-er
(4.6) To=10(t) [—m cothm (1 + iwl?) " — 2m 321 15 (7 1 2n7) lz]]

and on the stationary plate at y =1 is

_ -m 12 iw e (—1)"nPes!
4.7 T =06() [sinhm (1 +iwl?) et —2m nz:l D+ (7 +n27r2)l2]] )
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5. Discussion of results

In this paper, we here considered the modified Stokes’ first and second prob-
lems. The second grade fluid is between the two plates and there is a porous
layer between the plates. A procedure of Laplace transform has been used to
obtain the exact solutions of the problems. The solutions for the two problems
are obtained in such a way that at time ¢ = 0 these represent unsteady flows
and for ¢ — oo these correspond to steady state.

The effects of various parameters such as [, § and t on the velocity distrib-
utions in the two cases have been studied and the results have been presented
through several graphs. For the graphical results, we have considered 50 terms
of the infinite series and used the standard package Mathematica 4.0. In Figs. 2
to 4, panel (a) is sketched for the first problem while panel (b) for the second
problem when oscillation is of the type coswt.

a) B =2 | =01 b) 8 =2 1| =01 w=05

ot or| ]
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y y

F1a. 2. Profiles of the dimensionless velocity u (y) for various values of time ¢ (panel (a): the
first problem and panel (b): the second problem).

In order to study the effect of time on the velocity distribution, we have
plotted u against y in Figs. 2a and 2b for fixed values of [, # and w. From
Fig. 2a, we see that with the increase in t, the velocity approaches a steady-
state. It is worth mentioning here that in the first problem, the steady-state
of the velocity distribution is obtained at ¢ = 0.5. For the second problem, the
transient part velocity will decay after a certain time. The long-time solution will
be steady state periodic velocity profile. It is found that velocity (4.3) becomes
the steady-state periodic velocity at ¢ = 6. Thus, we conclude that steady-state
in the first problem is achieved much earlier when compared with the second
problem. Figures 3a and 3b are prepared to bring out the effects of 8 on the
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velocity distributions. From these figures, it is clear that the velocity profiles
decrease with an increase in 3. Figures 4a and 4b illustrate the effects of [ on
velocity distributions. It is interesting to note from these figures that u increases
with an increase in [ for fixed ¢, 8 and w.
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Fia. 3. Profiles of the dimensionless velocity u (y) for various values of 3 (panel (a): the first
problem and panel (b): the second problem).
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Fia. 4. Profiles of the dimensionless velocity u (y) for various values of elastic co-efficient of
second grade [ (panel (a): first problem and panel (b): second problem).

In the special case, when elastic coefficient of the second grade fluid tends to
zero, our solutions reduce to those corresponding to a Navier—Stokes fluid. The
results for impermeable case can also be obtained as a limiting case for K — oo
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or ¢ = 0. It is also observed that steady-state solution in the first problem is the
same in all types of fluid. In the second problem, periodic steady state solution is
dependent upon the elastic coefficient. The transient solutions in both problems
depend upon the nature of the fluids.
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