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Abstract

This paper presents the unsteady magnetohydrodynamic (MHD) flow of a
generalized Burgers' fluid between two parallel side walls perpendicular to a plate.
The plate applies a shear stress induced by rectified sine pulses to the fluid. The
obtained solutions by means of the Laplace and Fourier cosine and sine transforms
are presented as a sum of the corresponding Newtonian and non-Newtonian
contributions. The effects of the magnetic field, permeability, and the period of the
oscillation have been observed on the fluid motion. Moreover, the influence of the
side walls on the fluid motion and the distance between the walls for which the
velocity of the fluid in the middle of the channel is negligible are presented by
graphical illustrations.
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1 Introduction

Motion of non-Newtonian fluids on oscillating plates is not only of fundamental theoreti-
cal interest but it also occurs in many applied problems, e.g., clay rotation, heart pumping,
artificial surfing etc. Erdogan [1] obtained a solution as a sum of steady and transient so-
lutions for the flow of a viscous fluid produced by a plane boundary moving in its own
plane with a sinusoidal variation of velocity. Exact solutions for unsteady flow of a gener-
alized Burgers fluid due to a rigid plate between two infinite parallel plates, one of which
is an oscillating and time-periodic plane Poiseuille flow, was established by Fetecau et al.
[2]. Zheng et al. [3] established an exact solution for the unsteady flow of a generalized
Maxwell fluid over a flat plate. The plate was set into oscillating motion induced by hy-
perbolic sine velocity. Some recent work involving oscillating flows has been presented in
many studies [4-7].

MHD flow of fluids and motion of fluids through porous media occur in medicine, en-
gineering problems and geophysics, e.g., cardiology, delivery of medicine to affected ar-
eas, regulation of skin, nuclear reactors and geomagnetic dynamo. Khan and Zeeshan
[8], and Ghosh and Sana [9] investigated the MHD flow of an Oldroyd-B fluid through
a porous space. The motions were generated in the fluid due to the velocity sawtooth
pulses of the plate. Ghosh and Sana [10] discussed the unsteady motion of an Oldroyd-
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B fluid in a channel bounded by two infinite rigid parallel plates in the presence of an
external magnetic field acting normal to the plates. The flow is generated from rest due
to rectified sine pulses applied periodically on the upper plate with the lower plate held
fixed.

In the above citations, the conditions on the boundary are given in terms of velocity.
The stress at the boundary gives important information as regards the nature of dis-
sipation at the boundary. Little work is available in the literature where the oscillating
stress is given on the boundary. Vieru et al. [11] analyzed the unsteady motion of a sec-
ond grade fluid between two parallel side walls induced by oscillating shear stress. Li et
al. [12] presented an analysis for helical flows of a heated generalized Oldroyd-B fluid
subject to a linear time-dependent shear stress in a porous medium, where the motion
is induced by the longitudinal time-dependent shear stress and the oscillating velocity
at the boundary. Jamil et al. [13] and Shahid et al. [14] determined the starting solu-
tions for the motion of Oldroyd-B fluids induced by quadratic, and cosine and sine os-
cillating time-dependent shear stress, respectively. Sohail et al. [15] presented closed-
form expressions for the starting solutions corresponding to the unsteady motion of a
Maxwell fluid due to an infinite plate that applies oscillating shear stresses to the fluid.
Rubbab et al. [16] derived the unsteady natural convection flow of an incompressible vis-
cous fluid near a vertical plate that applies a shear stress which is of exponential order of
time.

In spite of all these citations and work in this direction, no attempt is made for oscil-
lations induced by rectified sine pulses stress in a bounded domain. The main objective
of the present investigation is to study the MHD oscillatory flow of a generalized Burg-
ers fluid through a porous medium between two parallel walls. The formulation of the
governing problem is made using the modified Darcy law of a generalized Burgers fluid.
The induced magnetic field is assumed to be small as compared with the applied magnetic
field. Analytical expressions for the velocity field and the shear stress are determined by
means of the Fourier cosine and sine transforms coupled with Laplace transform. Finally,
a comprehensive study of some physical parameters involved is performed to illustrate the

influence of these parameters on the velocity.

2 Governing equations

For the generalized Burgers fluid, the Cauchy stress tensor is given by

1es, Sen S oSS (aenA, 00 1)
=—pl+8§, tM— t Ay = — 4+ h— |,
t=p Vse Th2sp TH AT T

where —pl denotes the indeterminate spherical stress, S is the extra-stress tensor, A =

, 5% denotes the

upper convective derivative, u is the dynamic viscosity, A; and A3 (< ;) are the relaxation

L + L7 is the first Rivlin-Ericksen tensor (L being the velocity gradient)

and retardation times, A, and A4 are the material parameters of the generalized Burgers

fluid having the dimension of the square of time, and

8°S 5 (8S\ &8 (dS
— =—(=)==(=-LsS-SL"). 2
5e2 5t<5t> 8t<dt ) @
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We seek the velocity field V and the stress field S of the form
V =V(x,y,t) =wx,y, Dk, S =S, y,t), (3)

where k is the unit vector along the z-direction. If the fluid is at rest up to the moment
t =0, then

(%,9,0)

aS
V(x;y; O) =0, S(x,y, 0) = 9t =0. (4)

Equations (1), (2), and (4) give the trivial stresses S, = Sy, = S, = 0 and the meaningful

equations
1+A 9 A 0 (%, 9, 1) 1+A 9 A 02 \ dwlwy,1)
~ — | L) = + Aa e | 4.
HEEFYRREFYON L st 39t M2 )T on
for 71(x,,0) = 0, (5)
1+A 9 A & (x,9,¢) 1+A 9 A 0 \ dwlw,,1)
+A— +th— |yt = M=t | —F——
Vo T JPR I I S g T g n | Ty
for 75(x,7,0) = 0, (6)

where 1; = S, (%, ,£) and 7, = S, (, y, t) are the non-zero shear stresses.

The Darcy resistance R in a generalized Burgers fluid satisfies the following expression:

a a2 ne 0 2
l+hi—+A— | R=———(1+A3—=+As— |V, 7
(+ 1 t+ 2 ) k(+ 33t+ 481.‘2) (7)

where ¢ is the porosity and & is the permeability of the medium.
We assume that a uniform magnetic field of strength B, is applied to the fluid. We also
assume that the direction of the magnetic field is perpendicular to the velocity field.

Thus the Lorentz force due to the magnetic field becomes
JxB=-0B}V, (8)

where o is the electrical conductivity of the fluid.
The balance of linear momentum which governs the MHD flow through the porous

medium becomes

pd—vzv-r+]xB+R, 9)
dt
here p is the density.
We consider the unsteady flow of an incompressible generalized Burgers fluid over an
infinite flat plate between two parallel side walls separated by a distance d, perpendicular
to the plate. At time ¢ = 0, the plate and the fluid are at rest. At time ¢ = 07, the plate applies

a pulsating shear to the fluid induced by rectified sine pulses.
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In view of Egs. (5)-(9), the governing equation leads to

0 0%\ owlnyt
(1+xl—+x2—>M

ot ot? ot
Lio B N 92 92 92 (9,1)
=v[l+3—+— || — + — |w(x,y,
ot T a2 )\ a2 Ty )Y
Qlkakaz (%, 9, 1) lkak82 (%, 9, 1) (10)
- +A— +Ar— W, y,8) —€| 1+ Az3— + Aga— |w(x, 9, 1),
Yot T a2 4 Yot o 7
2
where v = % is the kinematic viscosity, 2 = % is the magnetic parameter, and € = % is
the porosity parameter.
We use the following appropriate initial conditions:
ow(x,5,0)  9*w(x,y,0
w(x,y,0) = wi,5,0) = wi,y,0) =0, forx>0andye][0,d], (11)
ot ot?
the boundary conditions
1+A 9 A il (x,9,1)] 1+A 9 A 9\ @y, 1) Uf (t)
+A— +A— |11y, ) |x=0 = +tAz3— +Ag— =
Vor T )TV 0 SR ST A T M | T e o
fory € (0,d) and ¢ > 0, (12)
w(x,0,t) = w(x,d,t) =0 forx,t>0, 13)
and the natural conditions
ow(x, v, t
W(x,yyt)=%y)—>0 asx — 00,y € [0,d],¢ > 0. (14)
x

According to the nature of the applied stress, we assume that the mathematical form of
the function f(¢) is [8]

) = sin(%t)H(t) +2) (<17 sin(%(t - pT))HpT(t), p>0and T>0, (15)
p=1

where H(-) is the Heaviside unit step function of period 7 and is defined as
H,r(t)=0 fort<pT and Hpr(t)=1 fort>pT.

In order to solve the problem, we use the Laplace transform technique and Fourier co-

sine and sine transforms in this order.

3 Calculation of velocity field
Applying the Laplace transform to Eq. (10), we obtain the following problem:

(1 + Mg+ kzqz)qv'v(x,y, q)

i, y,q) 9Wx,q)
dx? dy?

- v(l +A3q + A4q2)(

- Q1+ Mg + Aag?)W(x, 3, q) — €(1 + A3q + rag®) W(x, 5, q). (16)
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The Laplace transform w(x, y,g) of the function w(x, y, t) has to satisfy the conditions

(1+ Mg + 22q”) T (%,7,9) |x-0

aw(x,y,9)
= u(l+ A3q + haq?) ——2
M( TG A ) 0x x=0
s o0
=u—=L = (1 +2 Z(—l)" exp(—qu)) for y € [0,d], (17)
¢+ p=1
w(x,0,q) =w(x,d,q) =0 forx>0, (18)
i ow(x, y,9)
w(x,y,q) = a0 0 asx— o0,y € (0,d). (19)

Multiplying both sides of Eq. (16) by \/g cos(§x) sin(A,.y), where A, = 7, integrating with
respect to x and y from 0 to oo and 0 to d, respectively, and bearing in mind the conditions
(17)-(19), we find that

2U((-1)" -1
wa(€,q) =\/;;((2\7)

x 1/((A2g® + (A1 + VA2 (E% + A7) + Mo Q + Aa€)q”
+(L+vA3(E2 +12) + MQ+ Aze)g + v(E2 + 1)) + QL +¢€))

(1 +2 Z Y exp(-p1g) ) (20)

T
+(%)

@

E
T

where

oo pd
wy(&,q) = \/g/() ./o w(x, 9, q) cos(§x) sin(A,y) dydx; n=1,2,3,.... (21)

Equation (20) can also be written as

i U=y - 1
Wi (§,q) —\/;; A |:q+q4,n(f)
¢1,n($)

1
o ((ql,n@) = @20 (E)(@1(E) = 43,0(E))(@Ln(E) + ()G — q10(E))
N o,n(&)

(@21(8) = q1.n())(G2,n(8) — 3,1())(G2n(§) + Ga,n(§))(q — q2,4(§))
N ¢3.4(&)

(@3,1(8) = quu(E))(@3.1(8) — q2,1(8))(q3,1(§) + Ga.n(§))(q — q3,1(8))

_ ¢4,n(§) )j|
(ql,n(%_) + 0]4,;4(5))(!]2,;4(5) + q4,n(%—))(q3,n (‘i:) + 614,n(€))(q + 0]4,n(§))

x m (1 +2) (1Y exp(—qu)), (22)

p=1
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where

qun(E)=v(E*+ 1)) + Q+¢,

A+ VAL(EX +A2) + Ao Q + Age
313

Gin(€) = Mo, (E) + (A1 + VA4 (E2 + 12) + A2 + hae) g, ()
+ (VA3 (% +A2) + MQ + A3€)qin(€), i=1,2,3, and
Gan(€) = —22qy,(E) + (M1 + vAa(E +22) + A2 + hae) g, (§)

_ (V)\3 (52 + )\fl) +A0Q+ Age)qi,,,(é).

qin(&) =sin(€) -

’

In the above relations

o (E) = <_ﬁ1,n(s) . \/ Bur®) | (al(sw)“
vesl e 2 4 27
N (_ Bun(§) \/ (Bur®) <a1,n(s))3)”3
2 4 27 ’
1/3
5o () = Z(_ﬁm(é) . \/ (B1n(£))? . (oq,n(é))3>
’ 2 4 27
7 (_ﬂl,n@) ~ \/ (Bur®) | (al,n(s»?»)“a
2 4 27 ’
60 (E) = 22 (_ﬁl,n@) . J (Bui€)? | (oel,n(s»S)“s
KO 2 4 27
N Z(_ﬂl,n(s) ~ \/ (Bun)? | (al,n(s»3>“3
2 4 27 ’
where
€)= T+ vA3(E2+A2) + M Q2+ Aze (A + VAa(E2 +A2) + A2 + Age)?
U1,n 5 = )\2 - 3)\% ’
CV(EP+ )+ Qe (L+vAs(E*+A0) + MQ+ Aze)’?
IBLn (5) = Ay +2 27)3
(M + VAL(E® + A2) + A2 + Age) (1 + VA3(E? + A2) + M Q + As€)
- 312 ’
and
B -1+i4/3
=

To solve Eq. (22), let us take

ps

Hn(q) =

T (1) T ),
@@ Y e e S

(23)

(24)

(26)

(28)

(30)
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and
Gn = % )
D= TP an©)
we can prove that
A B exp(q1,1(§)¢)
&=L (Gula) =T S0
1 . (Tt Tt
— W(Tquvn(é)mn(?) +7TTCOS(?>>. (32)
The inverse Laplace transform of Eq. (30), using Eq. (32), is given by
. exp(qua(§)t)
H,(&,¢t) = 71T7ﬂ2 " Tzq%(s)H(t)
1 . [Tt Tt it
ST D <T2q1(é)s1n<7) + 7TTCOS<7)>H(t) +2 pZZl:(—l)”
exp(q1,.(§)(¢ - pT)) 1 2 . (m(t-pT)
[nrn TEE) 7T (Pas@sn(752)
+71Tcos<n(t ;pT)))]Hp (). (33)

Inversion of Eq. (22) by means of the Laplace formula and Fourier cosine and sine trans-

forms and using Eq. (33) result in
2 [2 . * exp[—qa,n(§)t]
w(x,y,t) = 7 ; \/;Sln()»n)’)/o B, (&) cos(§x) |:7TT{ Wilin(é)

x (H(t) +2 (17 exp(~qan(E)(e —pT))HpT(ﬂ) }

p=1

* 7+ 242, (€) (Tq4,,(8)F1(2) - ﬂFz(t)):| dg

2 [2 . 0 explq1,.(§)z]
-7 ; \/;SIH(M)’)/O A, (&) cos(éx) |:7T T!%,n(é)m

x (H(t) +2 3 (1P exp((t —pT)ql,n(a)HpT(t))

p=1

; wz,n(s)%% (H(t) 23 1P expl(e —pT)qz,n(a)HpT(t))

p=1
; wg,n(s)%% (H(t) +2 3 1P expl(e —pT)qa,n(a)HpT(t))

p=1
exp[—qa(§)t]
- w4,n(é) 7_[2 + Tzqi,,(é)
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x (H(r) +2) (17 exp(~qan(€)(t —pT))HpT(t))}

p=1

qin (g)wl,n (&) + q2.n (E)wln (&)
2+ T%q;,(5) 7%+ T%q3,(8)

¥ qS,n(S)w&n(E) _ q4,n(€:)w4,n('§>:) )
2+ T%q5,(5) 72+ T%q;,(8)

1//1,n (%-) ¥ ¢2,n (g)
+T2q7,(8) 72+ Tq;,()

Vsaul)  Yal®) ﬂ i,

—Fl(t)Tz(

—Fz(t)]TT(nz

* 7%+ T2q3,(8) 7%+ T%q;,(8)

where

_ ¢1,n (S)

V) = )~ 0 O @1 ®) ~ 430 O 1 E) + 0 E))
B ¢2,n (S)

V2nl8) = (@21(&) = @) @21(E) — G3,1(E)) (@2 (E) + qun(§))
B ¢3,n (g)

Vsn(€) = (@3.1(&) = qunE))@3.1(E) = G2,n(E)(@3.1(E) + qun(§))

Yan(E) = e

(ql,n(%_) + 44,;4(5))(612,;«(5) + q4,n(§))(q3,n(§) + q4,n(§)) '

Fi(t) = sin(%t)H(t) +2 ;(-1)1’ sin(%(t _ pT))HpT(t),

B,(&) = \/g%((_l;n -

Ey(t) = cos<”7t)H(t) +2 ;(-1)1? cos(%(t _ pT))HpT(t),

2U((-D"-1)
An(é) = \/;; Anha .

(34)

35)

(37)

The first part of Eq. (34) gives the corresponding solution for a Newtonian fluid, while the

second part gives the corresponding non-Newtonian contribution.

The transient part of velocity for Re(qy,,(£)), Re(g2,,(§)), Re(gs,.(§)) < 0, Re(ga,.(§)) > 0'is

Wt(x)y; t)

= 3 ;\/g sin(%,,y) /0 Oan(E ) cos(€x)

nT >

p=1

- 3 ;@Sin(lnﬁ /OOOAn(E)cos(f;‘x)
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« ﬂT{ V1,.(§) s V2,u(§)
72+ Tq;,(8) 72+ T%q3,(§)
Vs3,n(8) Vau(§) >
+n2+ﬂﬁga'Jﬂ+TM@@J(H@+2Z}4VHHQO}ﬁ, (38)

while the steady state part is given by

ws(x,y,t) = 3 ;\/gsin(k,,y) /OOOB,,(E)COS(Ex)

T
x [m (Tqa.1(E)F2(0) - an(t))] d

+ % ; \/gSin()my) /OOOA,,(E)COS(Sx)

x |: 1/f1,n(€)
7%+ T%q; ,(8)
¥ w2,n($)
7%+ T?q35 ,(8)
Iﬁs,n(E)
7%+ 1243 ,(8)

_ 1vyél,n (E)
7%+ T?q; ,(8)

(TFi(t)qu.n(§) + TF5(t))

(TEi(0)q2(8) + TF>(2))

(TR(O)g3(E) + TF2(0))

(TF(6)qan(&) - an(t))} dE. (39)

4 Calculation of tangential stresses
To obtain the expressions for the shear stresses 1 (x, y, £) and 72 (x, , £), applying the Laplace

transform to Egs. (5) and (6), we have the expressions

(1 + Asq + Xagq?) dW(x,y,q)
1+ 11g + A2q?) ox

T(x%y.q) =1

’

(1 + A3q + Aag?) dW(x,y,q)
(1+ Mg + Aag?) ay

‘EZ (x;y; 6]) =u

From Eq. (20), with inverse Fourier cosine and sine transforms, we have

2 2 o0 1
7 ' ) =7 _An i n
M) = Z} 7 An(E)sintd y)/o cos¥ (@ = 1.0 — q24())(q — q3.1(5))

X

1+2 Z(—l)” exp(—qu)) d&. (41)

p=1

T
(@* + (F)»)
Using Eq. (41) in the set of Eq. (40), we have

2 o= [2
t(xy,q) = —7M > \/;An(é ) sin(2,,y)
n=1

/°° £sinéx(l + A3q + Aag?)
o Q+xiq+229%)(q - q1.0(E))G — g2.1(E))(q — g3,1(§))
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X % (1 +2 Z(—l)p exp(—qu)) dg, (42)

20 o [2
fz(x,y, fI) = 7:“ Z\/;)‘-nAn(g)COS()\ny)

n=1

8 /o" cosEx(l + Asq + Aag?)
o (1+x3q+2aq*)(q - 91, — q2..(E))(q — g3.,1(£))

I8

x — L (1 +2) (<17 exp(—qu)) dt. (43)

@+EO\ 4

Let us take

<o 14 dsq+ hag?

Alg) = , 44
@) 1+ hg + rag? (44)
which can also be written in the form
i@ (el o (45)
q) = ax +as + dg ’
(q+a)? b} (q+a)?-b;
where
M A4 Aad3 — A1k
a=—, a, = —, az=——5—,
Y 2T h ° 32
. (46)
e = 2h2(Aa = M) = M(Aod3 — Aiha) b= Y A —4h
4' - ’ 1 - —’
AVAE =4y 2ho
where k% — 45 > 0.
Applying the inverse Laplace transform to Eq. (45), we obtain
A(t) = ay + as cosh(byt) exp(—ayt) + aq sinh (b1 £) exp(—a t). (47)
Let
t
(M,N, ) = (A% B)(#) = / Alt - q)B(M,N, ) dg. (48)
0

Employing the methodology as for the velocity field, the inverse Laplace transform of Egs.
(42) and (43) results in

=_2—“wﬁA Gy [ esingx [ h(bi(t -
) == S AE) i) fo Esinéx fo (a2 + (as cosh(by(t - @)
+ ay sinh (by (¢ - q))) exp(~ai (¢ - q)))

() explgin(§)q] .
x [nT{ . Tzq{n © (H(q) +2 ;(—l)p exp(—qul,n@))H,,T(q))

N2,1(§) explga,n(§)q]
7%+ T%q3 (&)
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x (H(q) +23 (-1 exp(—quz,n(s))qu))

p=1

(&) explqs,.(€)q] >
= 72 +e)7(5qq£n(§) : <H(q) +2 Z(_l)p eXp(_quS,n(s))HpT(Q)> }

pr=1

Y )Tz( q1,1(§)m,u(§) . g2,1()n2,4(8) . %(E)’B,A%‘))
O\ 2 &) T n e T2, 6) | w2+ T2RE)
nl,n(S) 772,;1(5)
"Fz(")”T<n2 Y22, 6) | w2+ T2 E)
773,71(5)
' m)} aads, (49)

(%, 9,t) = 27,u Z\/gknAn(é) cos(k,,y)/o cos Sx/o (a2 + (a3 cosh(by(t - g))
n=1

+ ag sinh (by(t — q))) exp (-a (¢ - q)))

M,n (5) GXP[an (5)61]
* [”T{ 72+ T27, )

X <H (@) +2 ) (-1 exp(—pTqun(E ))HpT(q))

p=1
M2,1(§) explqa,n(§)q] o
. Tzq;,,(é) (H(q) 2 ;(—U” CXP(—Pqu,n@))HpT(q))

() explgs,,(€)q] -
T ® (H(q) £2) 1y exp(—qug,,q(s))HpT(q)) }

p=1

—F1(q)T2( DnE)mn()  qnE)n2n(E)  q3(€)n3u(8) )

T2t T2 &) w2+ T2, (8) | w2+ TP@(E)

g T (7{2 +n¥2(jf),n(s) iz jZﬁ(j%),n(S)
+ #%m)}dqdé, 0
where
1
) G © = 42 E) 1)~ 42,06
) o DT
R e S Erw ) e e

the shear stresses for the generalized Burgers fluid.
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5 Limiting cases
5.1 Burgers fluid
Letting A4 = 0, we obtain the velocity field and the associated shear stresses corresponding

to a Burgers fluid performing the same motion.

5.2 Oldroyd-B fluid
Letting A, = A4 = 0 into Eq. (20), and following the same way as before, the velocity and

tangential stresses expressions for Oldroyd-B fluid take the form
24 (2 > expl-44,(§)1]
wol(x,y,t) = 7 HZI: \/;Sln()\ny)/o B, (&) cos(&x) |:7TT{ m

x (H(t) +2) (-1 exp(~qan(€)(t —pT>)HpT<t)) ]

p=1

+ W(T%,n(é)l’l(t) - an(t))} dg

- 3 ; \/gsm()»ny) /000 B,(£) cos(£x)

(g5.4(6)t]
x [ﬂT{WS,n(&)%

x (H(t) +2 3 (17 exp((¢ —pT)qs,n(s))HpT(t))

p=1

[g6.4(6)t] e
¥ wan(s)%m (H(t) +2 ;(—1)1’ exp((t —pT)qs,n(s))HpT(t))

exp[—qan(§)t]
= Y7,(8) qu,n(f)

x (H () +2 Z(—l)” exp(—qan(€)(t _pT))HpT(t)) }

p=1

_F (tm( G5nEV5n®)  GonEVVor(®) _ qanl®)Vral®) )
I g, © " e P, © T 7 T, 0
ws,n(‘;)
— Fz (t)?‘[ T(qum(g)
w6,n(‘§) w7,n(‘§)
Tty %4z ,(€) Tty Tzqiy,(g)):| . 5D

2u N [2 ®©
Tio(®, 9, t) = —7M Z\/;AH(S)sin(/\ny) /0 &sinéx
n=1

N5,n ('i:) €Xp [q5,n (5 )q]
g [”T{ 71 T2, )

x (H(q> +23 (-1 exp(—qus,n@))HpT(q))

p=1
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N6.1(§) explqs,.(£)q]
7%+ T%qZ ,(§)

x (H(q) +2) 1y exp(—qua,n(S))HpT(q)>
p=1
Nan(€) expl~ M](

2 T
b4 +()»1) =

H(q) + 22( 1y exp pT(q) }
)

—F( )Tz( qS,n(%—)n&n(&) n q6n(£)n6n($) 1 n(g )
1q T2+ T2q§’n(g) 72+ T2q6,n($) )\1 7.[2 (/\1)2

1

_Fz(q)nT< Mal®)  men®)  man(®) )] v 62

T2 T2g2,6) 7+ T, € n v (L

T0(x,9,t) Z\/7A A, (€) cos(A,,y)/ coséx

N5,n (é) exp [qS,n (";: )q]
" [”T{ 7 T2, (6)

x <H (@)+2) (-1 eXP(—qus,n(E))HpT(q))

p=1

&) explgs,(©)q] =
- f”;‘;;;n@) 2 (H(q) £23 1y exp(—qué,n@))HpT(q)>

p=1

Nan(§)exp[—37] pT
+TM)*<H@+2Z( 1)Pexp< ) mm)}

—Ey( )Tz( qS,n(E)nS,n(E) + q6,n(€:)n6,n($) _i 774,}1(";:) )
1q 72 4 Tzqg’n(g) 72+ Tzqg,,,(%') M 7t2+(%)2

N5,n &) Neé,n &) N4, (&)
_1-"2(61)71T(7T2 TR 5 "¢ @ o ()i) >:| d&,  (53)

where

Mgz, (6) + (WA3(E2 + A2) + M2 + A3€)g5,4(§)
(@5,1() = q6,1(8))(q5,1(§) + Gan(§))
Mde,(E) + (VA3(E% +22) + MQ + 23€)g6,1(5)
(46,1(&) = q5,1(6))(q6,1(&) + qan(£))
Mgz, (E) — WAs(E* + A2) + M Q + A3€)qan(&)
(q4.1(8) + g5,1(8))(qan(§) + g6,n(§))

wS,n (“;:) =

’

Ven(§) = , (54)

w7,n (5) =

q5.n (S)’ qgé6,n (5)

= (—(1 +VA3(E% +A2) + M + Ase)

(14 A (62 +22) + M@ + Ase)’ — Ahy (VA (E2 +32) + Q2 + as€) ) /@),
(55)
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©)- i
TS = s 3agen @)1+ Mgon(®))’ 56)
nsn(£) = 1+ A3qs5,(8)
T 1+ Mgs nE)(@sn(€) — gon())
Hon(E) = 1+ Ao (6) (57)

(1+ 2196,1(5))(q6,n(8) = g5,4(8))

5.3 Maxwell fluid
Letting A3 = 0 in the set of equations for Oldroyd-B fluid, we obtain the corresponding

expressions for the Maxwell fluid:

wum(x,9,£) = Z\/jsm()\,,y)/ B, (£) cos(£x) |:7TT: [7?;;(5()&])

x (H(t) +2 Z(—l)’” exp(~qa(E)(t —pT))HpT(t)> ]

p=1

T
* m(Tq4,n($)F1(t) - an(t))} d

__Z\/js1n(kny)/ B, (&) Cos(éx)[ﬂT{wgn(g) exp[‘hn(é)(ts])

(H(t>+zz( 1 exp((t - pT)g7,1(5)) pT(t))

p=1

; wg,n@)% (H(t) +2 3 1P expl(e —pT)qs,n(@)HpT(t))

p=1
expl—qa,.(§)t]
- 1plO,n (g) m

x (H(t) +2) (-1 exp(~qun(€)(t —pT))HpT(t)> ]

p=1

N0 TZ( GVl | dsnE)Von(E) q4,n(s)wm,n(s))
! w2+ Tzq%,n(g):) w2+ Tzqé,n(g) w2+ Tzqiﬂ(s)
1[[8,;1(5) 1//9,;1(%-)
T ( T°g,©) 7+ TP, 6)
V10,4()
* m)} a Y

25 P a@rsint [ es
(69, 0) d; 2 A4y(8)sin) /O Esinéx

n8.x(&) explg,.(§)q]
X |:7TT{ 712+T2 (5)

x (H(q) £2) (1) exp(—qu7,n(s>)HpT(q>)

p=1

Page 14 of 25


http://www.boundaryvalueproblems.com/content/2014/1/152

Sultan et al. Boundary Value Problems 2014, 2014:152
http://www.boundaryvalueproblems.com/content/2014/1/152

. ngﬂ(s>exp[q8m<5)q]<

72+ T2q3 ,(§) H(g) +2 Z(_l)p eXP(—PTCIS,n(E))HpT(q)>

p=1

n7.(&) exp[-:L] x oT
+ W (H(q) +2 ;(—1)’” exp(A—1>HPT(q)> ]

q7.,(Engn(&) . dsn(E)n9n(E) 1 n74(8) )
7-[2 + Tzq%,n(g):) 772 + Tzqg,n(g) )\,1 ]-[2 + (%)2

—Pﬂ@nT( mon®)  meal®) mﬁ@$>}da 59)

—F1(61)T2(

2+ T2q2,(5) w2+ Tq3,(5) n2+ (k—T1

2 o= [2 /°°
) ,t = _)\nAn )‘-n
Tom (%, 9, t) 7 ;,/n (&) cos(hny) ; coséx

N8,n (%‘) eXp [517,;« (5)4]
* [nT{ m*+ T2q3,()

><Gﬂ@+2§:bifwm0ﬁﬂndaﬂﬁﬂw)

p=1

. ngm(s>exp[qsﬁ<s)q1<

72 + T, (8) HWN@E:PD“mMﬁﬂmAay@ﬂm>

p=1

n7,1(8) exp[—3L] o0 oT
+ Wﬁ); (H(q) +2 ;(—I)P exp(Tl)HpT(q)> ]

-F (q) T2 ( q7.n (E)n&n &) qsn (E)n9,n &) 1 nn &) )

7+ T2, (5) w4+ T2q3,(5) w2+ (L)

_BWMT< mon®)  mea®) nm@$>}%’ (60)

2+ T3 (&) 72+ T%q3,(5) w2+ (A—T1

where
B Mgz, () + 1Qq7,.(8)
Venl) = ) G @)@ (®) + qan®))
2qz ,(8) + MQgs,.(§)

n = - ) 61
Vo) = ) = (@) don ) + Gan @) ey
o (E) = M43,(E) = 119244, (E)

OIS qan(E) + g7 qan(€) + gsn(€))
_ 2 _ 2
q7,n($)’ qS,n(S) = (1 i )LIQ) * \/2(1\-‘— le) 4)L1 « ) (62)
1
M) = g @)L+ gon®)
(63)
€)= !
1) = 4 o ©)) @ n(€) — gsn(®))
Hom (&) = ! (64)

(1 + 2180 (8))(gs,n(E) — g7,u(8))
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Figure 1 Velocity profile for generalized Burgers fluid for different values of x and d. Other
parameters and values are taken as p = 975,x=0.01,y = ‘21, w=39T=%,U=15X1=3,1=2,
)»3 =0.5,l4=2,€ = 1.7,and Q=3
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Figure 3 Diagrams of the velocity for different values of the parameter 2. Comparison between five
models.

6 Results and discussion
The present problem is concerned with unsteady motion of the generalized Burgers fluid
generated from rest induced by rectified sine pluses shear stress. The Laplace transform
technique and Fourier cosine and sine transforms have been used as mathematical tools
in this order. The obtained expression for the velocity field has been written as the sum of
Newtonian and non-Newtonian contributions.

By using the numerical calculations and graphical illustrations, the following physical
aspects of the fluid behavior have been analyzed:

(a) Influence of side walls on the velocity field.

In order to study the influence of the side walls on the fluid velocity we prepared the
diagrams contained in Figures 1 and 2. These diagrams present the velocity field w(x, y, t)
for three values of the distance x at the bottom plate. It is seen that if 4 = 0.1 (small distance

between walls), the amplitude of oscillation of velocity in the middle of the channel is
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Figure 4 Diagrams of the velocity for different values of the parameter €. Comparison between five
models.

small. By increasing the value of d, the amplitude of oscillation of velocity increases. But it
exists up to a value of 0.5 (in our case) after which the velocity remains the same (velocity
profiles are almost identical) if  increases. Therefore, in the considered case, after d = 0.5
the influence of the side walls on the velocity is negligible. In Figure 2 have been sketched
the velocity profiles for different positions in the channel, starting from the side walls till
the middle of the channel, i.e. for different values of the variable y, for a fixed distance
between the side walls. The amplitude of oscillations decreases far from the plate. It is
also observed that, if the bottom plate is set into oscillation, the velocity increases with
respect to the y-coordinate, from zero to a maximum in the middle of the channel.

(b) Comparative study of various models.
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Figure 5 Diagrams of the velocity for different values of the parameter T. Comparison between five
models.

Figures 3, 4, and 5 are sketched in order to compare the various fluid types. Also, the in-
fluence of the magnetic field, permeability and the period of oscillation of sawtooth pulses
on the velocity field can be observed from these diagrams. In these figures, we have con-
sidered the following values of the parameters: U =15, A =2.9, A3 =4, A3 = 0.35, 14 = 1.5,
x=0.05,d=01,y=d/2,v=0.004, u=3.9.

Figure 3 shows the diagrams of velocity w(x,y,t), versus t, for the porosity parame-
ter € = 0.1, the pulse period T = 7, and for three values of the magnetic parameter,
©2=0.2,1.7,3.2. It is observed that there is a time interval in which the velocity has an os-
cillating behavior for all kinds of fluids. After this moment, the velocity tends to a common
value (the differences between velocities of different fluids are insignificant). For low val-
ues of the magnetic field strength, the amplitudes of the velocity oscillations are smaller for
the generalized Burgers, Oldroyd-B, and Newtonian fluids, and much larger for Maxwell

and Burgers fluids (see diagrams for € = 0.2). If the magnetic field is stronger, the ve-
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Figure 6 The influence of the parameter A, on the velocity field for x = 0.25, d = 0.50, y = 0.25 and
A2=2,A3=0.5A5=2.

locity amplitudes of Maxwell and Burgers fluids decrease while, the velocity amplitudes
of generalized Burgers and Newtonian fluids increase (case 2 = 3.2). It is important to
note that velocities of the fluids tend to a common value in shorter time if the magnetic
field is stronger. Figure 4 is plotted for Q = 0.2, T = 7 and for three values of the porosity
parameter € = 0.1,0.5,0.9. In this case, amplitudes of the velocity oscillations of the gen-
eralized Burgers, Oldroyd-B, and Newtonian fluids are lower than those corresponding to
the Burgers and Maxwell fluids.

Increasing permeability leads to increase the velocity amplitudes. The effect of the pulse
period T on the velocity field is shown in Figure 5 for € = 0.4, € = 0.1 and three values of
the parameter T = 0.75,1.25,1.75. The Burgers fluid oscillates with larger amplitude, while
other fluids have oscillations with amplitude close as order of magnitude. For low values
of the parameter T, velocities tend to a common value in a shorter time than in the case
of large values of the parameter T

(c) Influence of parameters A3, A3, A3, A4 on the velocity field.

In order to study the behavior of the fluid for various values of the material parameters
A1, g, A3, Ag, the diagrams of the velocity field from Figures 6, 7, 8 and 9 were plotted. In
these figures we used the numerical values U = 25,x = 0.25,d = 0.5,y = 7, T = %, p = 830,
n =3.78, € = 2, and three values for the magnetic parameter, namely Q2 = 0.05,0.5,1.5.
Therefore, the influence of the magnetic parameter on the velocity field is also analyzed
and, similar conclusions to those from the case b) were obtained. In Figure 6 the param-
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Figure 7 The influence of the parameter A, on the velocity field for x = 0.25, d = 0.50, y = 0.25 and
X1 = 2, )\.3 = 0.5, ).4 =2.

eter A; is variable and parameters A,, A3, A4 are constant. It can be seen that, if the values
of the parameter A; increase, the fluid flows more slowly. Also, be noted that for the same
value of the parameter A;, the increasing of magnetic parameter values result in decreas-
ing velocity of fluid flow (the velocity amplitudes decrease if the values of the magnetic
parameter increase). Figure 7 corresponds to the variation of the parameter A,. Unlike
the previous case when A, is variable, in this case the velocity amplitudes are higher in
the early period of the movement. Another difference appears in the behavior of the fluid,
namely, velocity amplitudes increase if the parameter A, increases. In this case, for a con-
stant value of the parameter A,, the increasing of the magnetic field strength leads to at-
tenuated fluid motion. The diagrams of Figure 8 correspond to the variable parameter
As. It is clear that the fluid behavior is similar to the case of the variation of the param-
eter A;. For increasing values of the parameter A3, the fluid velocity amplitudes decrease
and, also, if A3 remains constant and the values of the magnetic parameter increase, then
the fluid flows more slowly. The influence of the parameter A4 on the fluid velocity is shown
in Figure 9. The fluid behavior is similar like in the cases of variations of parameters A;
and A3.

7 Conclusions

The purpose of this work is to provide exact solutions for the velocity field as well as
shear stresses corresponding to the oscillating flow of a generalized Burgers fluid be-
tween two parallel side walls over a plate. The oscillation is induced by rectified sine
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pulses shear stress applied to the bottom plane. These solutions, presented as a sum of
the Newtonian and non-Newtonian contributions, are obtained by using Fourier cosine
and sine transforms, and the Laplace transform. The main findings are summarized as
follows:

+ The amplitude of oscillation of velocity in the middle of the channel is small. With the
increase of distance between the walls, the amplitude of oscillation of velocity
increases.

« Amplitude of oscillations decreases far from the plate. As the bottom plate is set into
oscillation, with respect to y-coordinate, the velocity increases from zero to a
maximum in the middle of the channel.

+ Velocities of all the fluids tend to a common value in shorter time if the magnetic field
is stronger.

.

Increasing permeability leads to the increasing magnitudes of amplitudes of velocity.
« For low values of the time period T, velocities tend to a common value in a shorter

time as compared to large values of the parameter 7.

.

As the values of the parameters A;, A3, and A4 increase, the fluid flows more slowly

whereas behavior of A, is opposite.
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