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Abstract: We present an analysis for the flow of an incompressible gener-
alized magnetohydrodynamic (MHD) Oldroyd-B fluid with constant pressure
gradient. Fractional derivative is used in the governing equation. Exact ana-
lytic solutions are obtained for the velocity field and shear stress in series form
in terms of Fox H-functions by means of the Fourier sine transform and dis-
crete Laplace transform. All the imposed initial and boundary conditions are
satisfied by the obtained solutions.
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1. Introduction

The study of fluid motions due to spinning or oscillating bodies have received
much attention due to its importance not only to the field of academics but
also to the industry. Such motions have many applications in many industrial
and biological processes such as food industry, oil exploitation, the periodicity
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of blood flow in the cardiovascular system [6], chemistry and bio-engineering,
soap and cellulose solutions etc. Unsteady flows of viscoelastic fluids due to
the oscillations of a rigid flat plate is of considerable interest. One of rate
type viscoelastic fluids is the Oldroyd-B model which seems to be amenable to
analysis and more important to experiments, sometime used as a test to check
the performance of numerical methods for the computation of different flows.

Recently, the fractional derivative approach (see [8]) is proving to be an
important tool for describing the behaviors of such types of fluids. Many re-
searchers studied different problems related to such fluids. In their works, the
time derivatives of an integer order in the constitutive equations for general-
ized Oldroyd-B fluids are replaced by the so-called Riemann-Liouville fractional
derivatives. Qi and Xu [7] investigated the Stokes problem for a viscoelastic
fluid with a generalized Oldroyd-B model. Hyder discussed the flows of general-
ized Oldroyd-B fluid between two side walls perpendicular to the plate. Fetecau
et al. [2, 3, 4, 5] investigated some accelerated flows of a generalized Oldroyd-B
fluid. Khan et al. [12] studied the flow of generalized Oldroyd-B fluid between
two side walls. Moreover, MHD flows have wide converged on the develop-
ment of energy generation and in astrophysical and geophysical fluid dynamics.
Recently, the theory of MHD has received much attention, see [10, 11] and ref-
erence therein. In this paper, we consider the MHD flow of an incompressible
generalized Oldroyd-B fluid. Exact solutions for the velocity field and shear
stress are obtained by using the Fourier sine transform and Laplace transform
technique for the fractional calculus operators. The obtained solutions satisfy
all the imposed initial and boundary conditions.

2. Governing Equations

For an incompressible and unsteady generalized Oldroyd-B fluid the constitutive
equation is given as [5]:
D~ D

T =—pl ; 1 —)S = p(1 —)A 1
P48 (14A50)8 = u(l+075)A, (1)

where T is the Cauchy stress tensor, S is the extra stress tensor, pI denotes the
indeterminate spherical stress, L is the velocity gradient, A = L + L’ is the
first Rivlin-Ericksen tensor, u is the dynamic viscosity, A and 6 are relaxation
and retardation times, a and [ are the fractional calculus parameters such that
0<a<p<l1,and

D*S
=Dy + (V.V)S—LS — SL
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DPA

w7 = DY 4+ (V.V)A — LA — AL. (2)
In the above relations V is the velocity, V is the gradient operator, Dy and
Df are the fractional differentiation operators of order o and 3 based on the

Riemann-Liouville definition, defined as (see e.g. [8])

DY[f ()] = F(ll—p)%/o (tf_(:_))pdT, 0<p<l, (3)

where I'(+) is the Gamma function. The model reduces to the ordinary Oldroyd-
B model when o = 8 = 1. In the following we shall determine a velocity field
and an extra stress of the form

V= u(yvt)iv S = S(yvt)v (4)

where u is the velocity and i is the unit vectors in the x-direction. Substituting
Eq.(4) into Eq.(1) and taking account of the initial condition

S(y,0) =0, y >0, (5)
the fluid being at rest up to the time ¢ = 0, we get
(1+AD})Szy = p(1+6D7)dyu(y.t), (6)

where Sy, = 5., = S;. = Sy = 0, and S;y = Sy,. The fluid is permeated
by an imposed magnetic field By which acts in the positive y-coordinate. In
the low-magnetic Reynolds number approximation, the magnetic body force is
represented by aBgu. Then, the equation of motion yields the following scalar
equation:

OySzy — OgD — UBgu = poyu, Oyp = 0.p = 0, (7)

where p is the constant density of the fluid and 0,p is the pressure gradient
along z-axis. Eliminating S;, between Egs. (6) and (7), we find the governing
equation under the form

1
(1+AD)dyu(y,t) = y(1+c9Df)8§u(y,t)—M(1+)\Dta)u(y,t)+;(1—|—)\Dta)8xP,
(8)

where v = u/p is the kinematic viscosity of the fluid and M = o Bju.
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3. Statement of the Problem

Supposed that a generalized Oldroyd-B fluid is occupying the space above a
flat plate. Initially the fluid as well as the plate are at rest, and at time t = 0"
the plate oscillate in its plane with the velocity V cos(wt) or V sin(wt) (V is
a constant). Due to the shear, the fluid is moved gradually. Accordingly, the
initial and boundary conditions of velocity field are:

U(y,O) = atu(yao) =0 for y >0, (9)
u(0,t) = Vsin(wt) or V cos(wt) for ¢ > 0. (10)

Also, the natural conditions have to be satisfied,

u(y,t), Oyu(y,t) -0 as y—oo, and t>0. (11)

4. Calculation of Velocity Field

Let us employing non-dimensional quantities

. ou o, yVo Vo, Ve V2 . My
== =— t'=—X\N=XN—)* 0 =0(—)", M" = —-.
u= Y= ” ()% (=) Tz
The dimensionless mark * is omitted next for simplicity. Thus, the equation of
dimensionless motion becomes

1
(14+AD{)dyuly, t) = u<1+eDE>85u<y,t)—M(HAD?)u(y,t>+;<1+w§*>axp,
(12)
with the given conditions defined as in Egs. (9), (10) and (11). In order to solve
the above problem first we multiply both sides of Eq. (12) by sin(£y), and inte-

grating the result with respect to y from 0 to oo and taking the corresponding
initial and boundary conditions, we attain the differential equations

(1 ADP)Byus (€. t) = v(1+ 0D7) €y sin(wt) — (9)°us (6, 1)
1
—M(1+ XD )us(§,t) — Ag(l +
where u4(&,t) is the Fourier sine transform of u(y,t) satisfying the initial con-
ditions

-«

t n
)\m)(l = (=", (13)

us(§7 0) - atus(fv 0) =0, £>0. (14)
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Applying the Laplace transform for sequential fractional derivatives to Eq. (13)
and using the initial condition Eq. (14), we get

(S+M)"! l/(l—i—@sﬁ)fw_A(l—i—)\Dta) e
((1+)\301))+V§2(1+085)[ $2 + w2 135 ( ( ) )]
(15)

To get the solution for velocity field, first we write Eq. (15) in series form as

us(§,s) =

) B w 00 00 00 0 (_1)i+o+k+l§f(2i+1)Vfi)\k(glMOF(o _ z)
us(§,s) = m z; e OZ olkINT (= 1) (4)T (4)T(—4)

1= =0
D=9l (lﬂ) (1— (D" NN N (e

—i+o—ak—pl Z Z ZZ mlnlplr 1_‘( )

7=0 m=0n=0 p=0

AP0 MPT (m — j)D(n+)(p+4+1)
L()D(—j — 1)sttp—an=pm '
Now apply the discrete inverse Laplace transform and inverse finite Fourier sine
transform (see e.g. [9]) to Eq. (16), we get

(16)

00 00 00 00 (_1)i+0+k+l§—(2i+1)V—i)\kzelMo
ORI (— )T ()L () (—i)

us(y,t) = ; Z sin(&y) sin(wt)
e=1

1=0 0=0 k=0 I=0
T(k —i)T(l 4 )t omeh=b-1 9 2=
. I'(o—1)I'(—i+o0—ak— pl) Zsmfy - =" ) Z
7j=0m=0n=0
i (—1)j+m+”+p§2j_1yjA”HWMPF(m —)Hf(n+)T(p+j+1 (17)
= tp—on=LmmInIpI0 (- 1)T(—5) 0T (=75 — DI(1 +p —an — fm)’
To get Eq. (17) in a more compact form we use Fox H-function [1],
X X X z+o+k§f(2i+l)l/7i)\k01Mo
s ZSIH éy SlIl wt Z Z Z ti—ota(k) ol k|
T i=0 0=0 k=0
XHLSE ( _0+270)( k‘—|—20),(1—’&,1)
s L7 ] (2,0),(1=14,0),(1 —4,0),(1+1,0),(0,1),(1 +i—o0+ak,—3)

oo 0 XX

a2 Y s 3 Y 3
£=1

+m+n§2j—1 I/j )\anMpt—an—ﬁm

0 m=0m=0 min!
1,3 .
, (1_m+]70) (1_n Ja )7( jal)
XHg,G[Mt' (2,0), (1 +4,0), (1 = 4,0),(2+7,0),(0,1), (an + fm, 1) H

(18)
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We use the following property of Fox H-function for obtaining Eq. (18):

1,s
H [0
s,t+1

(1—a1, A1), ..., (1 — a5, Ay) } B i D(a; + Ayr)..T(as + Agr) 19)

(1 — bl,Bl), ey (1 — by, Bt) N e T'F(bl + Bl?”)r(bt + BtT)

5. Calculation of Shear Stress

Taking the Laplace transform of Eq. (6), we get

= w(140s%) ou(y, s).

(14 As2) Oy (20)

The image function @(y,s) of u(y,t) can be easily obtained from Eq. (19).
Introducing then @(y, s) into eq. (20), we get

2u(1+¢98 1

Sey = T e z::f‘m Y G T I+ 2e%) £ Ve + 057

v(1 4 0s%)éw A+ AsY)

[ TR G D C)

To get a more compact form we write eq. (21) in series form and then take
the inverse Laplace transform, the obtained result expressed in Fox H-function
is given by

e © 0 o0 (_1)i+o+k§f2il/7i)\kMot7i+ofak
; cos(&y) sin(wt) ZO%}{Z T
XH“”Q (1—0+14,0),(1—k+4,0),(1—i,1)
( 0)( ’570)7(1"1'20) (071)7(1+i_0+ak7_5)

X X X ]+m+n§2j—lyj)\n9mt—an—ﬁm

S A Zcos > Z mn!

7=0 m=0n=0

XHLS[Mt‘ (1—m+j,0), (1—n—370)v(1 7 1) ] (22)

2ol M 2,00, (14 7,0, (1= 4,0, (2 + 5,0), (0, 1), (an + Bm, 1)
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