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transient and steady-state solutions, which satisfy the governing equa-
Keyword§: tion and all imposed initial and boundary conditions. These solutions
Casson fluid are reduced to similar solutions corresponding to the motion over an
g;;iczvz(ﬁlsutlon infinite plate, when h — oo, and Newtonian fluid by making Casson
Oscillating shear stress parameter3 — oo. Furthermore, the effect of side walls on the motion
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of fluid, the time which is required to attain the steady state and the

distance between the side walls for which their presence can be ignored

are graphically determined.

1 Introduction

Many materials are used in modern engineering whose flow characteristics are not properly explained with
the help of the Newtonian fluid model. So, due to this reason, the study of non-Newtonian fluid becomes
essential. Besides this non-Newtonian fluids are those in which the relation between the stress and strain
are non-linear. Examples of non-Newtonian fluids are toothpaste, polymer melts, chocolate, jelly, soap,
greases and oils, etc. Non-Newtonian fluids are used widely in the fields of food industries, chemical
engineering, medicine sciences, petroleum, and many other fields [1]. Several engineers and scientists
are working on non-Newtonian fluids. The physical properties of non-Newtonian fluid are not easy just
like Newtonian fluid. So, this is the reason that a single constitutive equation cannot explain easily all
the physical properties of non-Newtonian fluid. Because of this fact numerous models or constitutive
equations are developed for different types of flow of non-Newtonian fluid. Some of them are Jeffery fluid
[2], Second-grade fluid [3], Maxwell fluid [4], Viscoplastic fluid [5], Bingham plastic [6], Brinkman type
fluid [7] and Walter-B fluid [8], and Oldyrod-B fluid [9] models.

Besides these models, there is another model recently the most popular one, known as the Casson model.
In 1959 the Casson fluid model was introduced by Casson, for the prediction of the flow behavior of
pigment-oil suspensions [10]. Casson fluid is one of the pseudo-plastic fluids that means shear thinning
fluids at low shear rate the shear thinning fluid is more viscous than the Newtonian fluid and at a high
shear rate it is less viscous [11]. Later on, Casson fluid is studied by many researchers for different flow
configurations and situations. Among them, a solution for the unsteady flow of Casson fluid passed over
a semi-infinite vertical plate with thermal and hydrodynamic slip conditions is obtained by Rao et al.
[12]. Mustafa et al. [13] consider the unsteady flow of Casson fluid past over a moving flat plate with
a heat transfer effect. Hussanan et al. [14] investigate the boundary layer flow of Casson fluid passed
an oscillating vertical plate with Newtonian heating. Raju [15] has studied the effect of an induced
magnetic field on the stagnation flow of Casson fluid. A closed-form solution for the boundary layer flow
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of Casson fluid over a permeable shrinking / stretching sheet without and with an extended magnetic field
was obtained by Bathacharyya et al. [16-17]. The pioneering work on the closed-form solution for free
convection and electrically conducting the flow of Casson fluid over an oscillating vertical plate passing
through a porous medium is studied by Khalid et ol [18]. Makanda [19-20] has discussed the effect of
radiation as well as the chemical reaction of Casson fluid flow.

Recently, the interest of scholars in the flow of fluids between side walls, over an infinite plate using
different boundary conditions has significantly increased. The references [21-30] can be cited for the
motion of the fluid between two side walls over an infinite plate that exerts oscillating or constant shear
stress on the fluid. The present article has been undertaken to determine the starting solutions for the
flow of Casson fluid between two side walls over an infinite plate that exerts an oscillating shear stress
on the fluid.

2 Mathematical Analysis of the Problem

Let us consider the unsteady two-dimensional flow of Casson fluid between two parallel side walls normal
to the infinite plate and initially, both, the fluid and infinite plate are stationary. After a time ¢t = 0" the
plate exerts an oscillating shear stress of the form {f coswtor fsinwt} to the fluid and as a result, the
fluid moved gradually as shown in Fig. 1. Its velocity Vand extra stress S are of the form:

—

V=u(y zt)i, S=S(y,z1t), (1)

where i represents unit vector along the z-axis of the Cartesian coordinate system z, y and z. The
rheological equation for the incompressible flow of Casson fluid is given by [31]:

2(#3-&-%) €ijs Te < T
2(,LLB+\/Z;1/TC) €ij) Te < T

: (2)

Tij =

here, 7 represents the product of the component of the rate of deformation with itself, up stands for
plastic dynamic viscosity, e;; denotes (ij)"components of the deformation rate, p, is the yield stress of
the fluid and 7. represents the critical value of this product based on the non-Newtonian model. For
such a flow, the constraint of incompressibility is

automatically satisfied and the governing equation after using equations and , is

ou(y, z, t 1 O%u(y, 2, t 02u (y, 2, t
wat>:y(1+/3)( gny ), Pule >>7y,t>0726[0’d]’ o

wherer = £ denotes kinematic viscosity,drepresents distance between the walls, 8 = pp/27./p, is the
Casson parameter and the appropriate initial and boundary conditions are:

u(y, z,0)=0, y>0, z€]0,d],

u(y,0,t) = u(y,d, t)=0fory,t>0, )
1 t
(0, z, t)=u<1+5> &‘(Zgyz’) — feos(wt) or fsin(wt), t>0,ze(0,d)), (5)
y=0
M7u(y7z,t)—>0, asy — oo, fort >0,z €0, d]. (6)

dy

3 Procedure for Solution of Problem

3.1 The Case 7(0, z, t) = fsin (wt)

We consider the flow of Casson fluid between two parallel side walls over an infinite plate situated at
the planz = 0 and z = d, the flow being confined in (x,z) —plane. At time ¢ = 0T, the plate applies an
oscillating shear stress to the fluid.

ou(y, z, t) I

I .
700, 2, t) = ————= = = cos (wt) or =sin(wt) for z € (0, d) and t > 0. 7
( ) 9y . (wt) . (wt) (0, d) (7)

y=0
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'\.p
A m1(0,z,t) = fsinwt

Figure 1: Procedure for Solution of Problem

Both sides of the governing Eq. are multiplying by \/gcos (Cy) sin (n,2) , where n,, = “F, and then
integrating the obtained result with respect to z and y from 0 to d and from 0 to oo, respectively, and
keeping in mind the boundary and initial conditions @, 7 and @, we get the following differential
equation.

78“6"855(’ Dy (1 + ;) (€ +2) uen (¢, 1) = \/z V/Tf {(_13; - 1} sin (wt) (8)
where the definition of Fourier cosine and sine transforms of u (y, z, t)is:
Uep (¢, ) = \/E?Zu(y, z, t) cos (y¢) sin (N, z) dzdy, n =1, 2, 3..., (9)
and it satisfies the following initial condition:
Uen (¢, 0)=0for( >0andn =1, 2, 3...., (10)
Eq. can be expressed an ordinary differential equation in ¢, for each fixed {. By using the initial

condition Eq. , we get the solution of Eq. as:

(CQJFUEL) Sin(‘”ﬂ*%% cos(wt)
—1\*— 14+ 5
ucn(Cyt): fl 2\/2( 177) 1>< ( )
#<1+B) " (w 1

B
(+5)

2
) +(¢2+n2)?

TE

ey e~ ( —
X exp [71/ (1 + %) (¢2+ ni)] t.

The expression for velocity us (y, 2, t) is obtained by applying the Fourier inversion formulae [32, 33] on

32



M. Ali

Eq. (11).

s(y, z, ) = 8f & sin(nmz) 1 ~ v (1+B)cos(wt)*(fz%*nfn)sin(wt) J
el Mdnz_:l o (H%) 0 (<2+n%)2+(%)2(1+%)2 cos (y¢) dc -
1
_ 85 Z sin(nmz) 1 (g) S cos(y()e_u(u—g)(<2+n$n)tdC

i o (145) O (9 (145)

1%
setting d = 2h, m = 2n — 1l,and varying the origin of the coordinate system, taking z = 2’ + h and
neglecting the prime notation, we get:

n=1

Z( 1)"Ecos(€mz) 1
o ’:) (1+3)
(g2+63n) Sin(“’t)*% 1+B cos(wt)
ez )2 +(2) (1+3)’ cos(yC)dg (13)
1 t
Z (=1)" cos(em 2) 1 (g) foo cos(y()e_u(l+5)(c2+5$n,)
i T (g) T @ (2) (14 )

Ug (y’ Z, t) 'u,ﬂ—h

x[g

where €, = (2n — 1) 7, now let N = 1%, and some identities used in this problem are:
+

2R

(¢* +e )
(P +e

(;) Nfoo (C2+52 )

where 2C2, = /&2, + (QN)2 —¢e2 and 2D2, = /e + (HN)2 +¢2,, by using the above identities we get

the following expressionyfor the velocity field. Y

s (Cy) T Dy cos (yCrn) — Cpusin (yCr) 0.
SN2 C2 + D2, c

+
os (y¢) dc = 7TC cos (yChn) + Dy sin (yCiy,) ¢~ ¥Dm
Ty (eN) ChtDiy |

Iy (14)

(15)

us (y, z, t) = Z - Dngf(smz) C?;fg;ﬂ [D, sin (wt — yChy,) — Chy cos (Wt — yChy)]
4f (w ( 1)" cos(s z) cos(y(¢) 71((2+52 )t (16)
tan (2N Z Io et (ZN) N (Crem) e

Eq. represents the exact solution, which is the combination of steady and transient solutions. Eq.
, satisfies all the imposed initial and boundary conditions and they describe the motion of the fluid
sometime after their initiation. The transient solution disappears after that time and the exact solution
then tends to the steady state solution. Both, transient and steady-state solutions are given in Eq.

and Eq. respectively,

= (~1)" cos smz> o os(0)  r(eia,
ugt (Y, 2, t) = e N m) (¢, 17
)= (S) N g I arar s G ¢ an
and
2f — " cos 5mz) Dy, sin (wt — Cry) — Cypycos (Wt —Cry) | _yp
Uss (y7 2, t 7h z:: C,?n n D?n e Y . (18)

There are two types of non-trivial shear stresses that are used in this problem (i) shear stress on the
fluid applied by the bottom wall and (ii) shear stress due to side walls, i.e. 7 (y, 2, t) = Szy (y, 2, t) and
Sz- (y, 2, t) respectively. 7 (y, z, t) = Say (y, 2, t) can be calculated as follows. By taking the derivative
of Eq. with respect to”y”, we get:

)"+1 cos(emz) e—yD

f o0
Ts (y7 2 t) h Z

(=)™ cos(emz) poo sin(yl) e
)N E em I6" " erarr@m

m sin (wt — Cpy)

(< +e2, ) (19)

2

ﬂ‘.&
>~

+

n=1
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3.2 The Case 7(0, z, t) = f cos (wt)

Using the above procedure, we find the corresponding starting solution for cosine oscillation.

ue(y, = 1) = 2 3 (Agmlens) e

[C sin (wt — yC’ ) + Dy, cos (wt — yC’m)] — T:lﬂfh X (20)
= (=1)" cos(emz) 0o (C2+€3n) cos(y¢) _%(62_‘_6?”) t

Z e I e o

Eq. represents the exact solution, which is the combination of steady and transient solutions. Eq.
(20) satisfies all the imposed initial and boundary conditions and they describe the motion of the fluid
sometime after their initiation. The transient solution disappears after that time and the exact solution
then tend to the steady state solution. Both, transient and steady-state solutions are given in Eq.

and Eq. respectively.

Leos (Emz) o0 (CC+e2) cos(y) _wiee, 2
Uet (Y, 2, t) hz ( )fo ( 2) e N ()t (21)
TH (2 +e2)"+ (N)
and
> —yDm
Ues (Y, 2, t) —‘ffl Z " cos gmz) C(; D2 [Cyy sin (wt — yC,) + Dy, cos (wt — yCh,)] . (22)

There are two types of non-trivial shear stresses that are used in this problem (i) shear stress on the
fluid applied by the bottom wall and (ii) shear stress due to side walls, i.e. 7 (y, 2, t) = Sgy (y, 2, t) and
Sez (Y, 2, t) respectively. T (y, z, t) = Szy (y, 2, t) can be calculated as follows. By taking the derivative
of Eq. , with respect to "y”, we get:

)”"’1 cos(amz) e—yD

ey, 2, t) = %z (=1

(=1)"*? cos(emz) poo C(C +Em) sin(y() e
Z o Io (@ re2 )P+ (ZN)

m cos (wt — Cry)

(C +e2, )t (23)
dc.

The velocities us (y, z, t), u. (y, z, t) and the shear stresses give us the exact solutions for the motion
of the Casson fluid sometime after its initiation. The transient part of the solution vanishes after that
initiation time and we get the steady-state solutions. In addition, these solutions are free from initial
conditions and periodic in time. Furthermore, they satisfy the governing equations as well as the boundary
conditions.

4 Special Cases

4.1 Flow over an Infinite Plate
By taking h — oo, the general solutions , , and , becomes:

/ 3 2 oo —V .2
f,/ N gin (wt - ,/—N ﬂ) f (V) N g §4C_ts((’%/2)26 N ¢ td¢, (24)
where, w #£ 0

_ /2N [v 2f (w oo (sin(yl) zze2
7o (y, t) = fe YV gin <wt wN) + = - (;) N g mg N ¢ d¢, (25)
(

where, w # 0, respectively,

T.(y, t) = fe YV 2N cos (wt -y ;:/N) - % 7 Me%uc%dg (27)
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4.2 Newtonian Fluid g — oo

By making 5 — oo into Egs. , , and (| ., we recover the same solutions for velocity and
shear stress, as obtained by Fetecau et al. [34], (Egs. (14), . and .

> —1)" —yDm .
uan (y, 2 1) = g 30 CHERE G (D sin (wt = yCin) — Con 05wt = yCr)]

af 2 (C1)" costem) (%9 (¢4e2,)t (28)
w — cos(emz 00 cos(y —v Em
P (3) £ St sy i ) g
and
oS nt1 oo
ToN (-T7 v, Z) — % Z (—1) +€cos(amz)e—me sin (wt _ Cmy)
- 29
ﬂ (g) § ( 1)n+1 cos(em 2) foo sin(y¢) e (C2+5?n)i ( )
= @+ +(5)7
Similarly,
uen (v, 2, 1) = 2L E (" coslemz) e 200 [Cy sin (wt — yCr) + Doy c0s (wt — yCy)]
N (30)
" cos( amz) (C +€72n) cos(y¢) _p C2+52n t
7r/,1,h Z fO CQ+5%)2+(%)26 ( ) d<7
and
n+41 n+1
T (9, 2 t) = 3 z ol v cos (wt — Crny) — z L eonlen)
31
o S(C+e2, )mn(yo (e )tdg B
’ (@2 () '

4.3 Flow of Newtonian Fluid over an Infinite Plate

By making h — oo, into Eqgs. (28—31), we recover the same solutions for velocity and shear stress of
Newtonian fluid, as obtained by Fetecau et al. [34], (Egs. (20), (21)), and (23)):

3 2f wee —u¢?
usn ( f\/> “9W 3 sin <wt—y\/g+ I) _,LT{T% g ;isr((yf;QG <tdg, (32)

similarly,

UeN (y, t) = IlJi\/Zey\/g cos (wt — y\/g-l— T) + i{; g i‘i COS((y)C) _ucztdc, (34)

5 Numerical Results and Discussion

This paper describes about the study of the unidirectional and two-dimensional flow of Casson fluid
between two parallel side walls perpendicular to an infinite bottom plate. The bottom plate provides
an oscillating shear stress to the fluid. Due to this shear stress, the fluid starts motion in its plane.
Exact solutions of velocity and shear stress are determined for the described motion by using the integral
transforms, namely Fourier cosine and sine transforms. These solutions are expressed as a combination of
transient and steady-state solutions and they satisfy the governing equation as well as all the implemented
initial and boundary conditions. The obtained solutions describe the flow of Casson fluid after some time
of its initiation. The transient part of the solution vanishes after that initiation time and we get the
steady-state solutions. In addition, these solutions are free from initial conditions and periodic in time.

To analyze the effect of side walls on the flow of Casson fluid and also to search out some of the related
physical aspects of the calculated results, the figures for velocities us (y, t) and u. (y, t) over an infinite
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Figure 2: The comparison of velocities and u.(y), given by Egs. and (20), for f = —5, v = 0.0102,w =

2,2 =0,t = 1spy = 1.002, and 8 = 10

y

ois eee u.(y) h=07 t=190s|]
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Figure 3: Egs. and present the profile of velocities us(y)anduss(y),for various values of h
andf = —5,0 = 0.0102,w = 2,2 = 0, ju = 1.002,3 = 2

o
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Figure 4: Eqgs. and present the profile of velocities u.(y) andu.s(y),for different values and
f=-5r=0.0102w=2,2=0, u=1.002,5 =2
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Figure 5: Egs. and present the profiles of velocities us(y) and wuss(y),for different values
wandf = =5, = 0.0102,h =0.2, 2z =0, u = 1.002,8 = 2
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Figure 6: Eqs. and present the profile of velocities u.(y) and uc,(y),for different values wandf =
5.0 = 0.0102,h = 0.2,2 = 0, 1 = 1.002,3 = 2

Figure 7: Eq. presents the velocity profile us(y),for various values of 8 andf = —5,v = 0.0102,t =
3452 =0, u = 1.02
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e g

v

Figure 8: Eq. presents the velocity profile u.(y),for various values of 8 and f = —5, v = 0.0102,t =
2.9, 2 =0, u = 1.002

plate as well as in the middle of the channel have been plotted for some values of ¢t and material constants
against y. In Fig. 2 we note that when the time approaches to zero, the velocity field us (y, t) for sine
oscillation increase due to the absence of shear stress and the velocity field for cosine oscillation reduce
due to some constant shear stress greater than zero. In practice, it is also necessary to know about the
time which is required for attaining the steady state. The required time has been found in Figs. 3 and 4
for various values of h. As expected, the time required to attain the steady state increases if the distance
between the side walls increases. In addition, this time value for sine oscillation is greater than cosine
oscillation of the shear stress on the boundary. In Figs. 5 and 6, we noted that the time required to
reach the steady state increases if the frequency w of the shear stress decreases. The influence of the
Casson fluid parameter on velocity profiles is shown in Figs. 7 and 8. It is found that there is an inverse
variation between the Casson parameter § and velocity. It is pertinent to mention that an increase in
the numerical value of Casson parameter decreases the thickness of the velocity boundary layer. It has
been noticed that for extremely large values of 3, i.e. 8 — 0o, the non-Newtonian Casson fluid takes the
behavior of Newtonian fluid. The units of material constants in Figs. 2 to 8 are SI units.

6 Conclusion

In this paper, exact solutions for velocity and shear stress of the unsteady unidirectional flow of Casson
fluid between two side parallel side walls are examined. The plate applies an oscillating shear stress to
the fluid. The general form of the exact solutions is determined with the help of integral transforms.
The obtained solution satisfies all the imposed initial and boundary conditions. The Newtonian solutions
are determined as limiting cases of the general solutions. Furthermore, they can also be used to give
the solutions owing to the flow of fluid over an infinite plate that exerts the same shear stresses to the
fluid, and various known solutions from the literature are obtained as limiting cases of our solutions. The
results are plotted and it is found that velocity is the decreasing function of the Casson parameter. It is
also noted that, when the distance between the side walls increases, the time required to reach the steady
state also increases.
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