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Abstract

The unsteady motion of an Oldroyd-B fluid over an infinite flat plate is studied by
means of the Laplace and Fourier transforms. After time t = 0, the plate applies
cosine/sine oscillating shear stress to the fluid. The solutions that have been
obtained are presented as a sum of steady-state and transient solutions and can be
easily reduced to the similar solutions corresponding to Newtonian or Maxwell fluids.
They describe the motion of the fluid some time after its initiation. After that time
when the transients disappear, the motion is described by the steady-state solutions
that are periodic in time and independent of the initial conditions. Finally, the
required time to reach the steady-state is established by graphical illustrations. It is
lower for cosine oscillations in comparison with sine oscillations of the shear,
decreases with respect to w and A and increases with regard to A,.
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1 Introduction
The laminar flow of a great number of fluids such as polymeric liquids, food products,
paints and so forth cannot be adequately described by means of the classical linearly
viscous Newtonian model. The interest into motion problems of such fluids, also called
non-Newtonian fluids, has considerably grown due to their multiple applications.
Among the many models that have been used to describe the behavior of non-Newto-
nian fluids, the rate type models have received much attention. The first systematic
thermodynamic study of such models is that of Rajagopal and Srinivasa [1], within
which models for a variety of rate type viscoelastic fluids can be obtained. They
showed that the Oldroyd-B fluid is one which stores energy like a linearized elastic
solid, its dissipation however being due to two dissipative mechanisms that implies
that they arise from a mixture of two viscous fluids. The first exact solutions corre-
sponding to some motions of Oldroyd-B fluids seem to be those of Tanner [2] and
Waters and King [3].

Over the past few decades, the unsteady flows of viscoelastic fluids caused by the
oscillations of the boundary are of considerable interest. Rajagopal [4] found steady-
state solutions for some oscillating motions of second grade fluids and Erdogan [5]

© 2012 Shahid et al; licensee Springer. This is an Open Access article distributed under the terms of the Creative Commons Attribution
License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction in any medium,
provided the original work is properly cited.


mailto:nash_shhd@hotmail.com
http://creativecommons.org/licenses/by/2.0

Shahid et al. Boundary Value Problems 2012, 2012:48 Page 2 of 19
http://www.boundaryvalueproblems.com/content/2012/1/48

provided two starting solutions for the motion of a viscous fluid due to cosine and sine
oscillations of a flat plate. Flows of the fluids due to oscillating boundary for different
constitutive models can be found into [6-20]. However, all these articles deal with
motion problems in which the velocity is given on the boundary. To the best of our
knowledge, the first exact solutions for motions of non-Newtonian fluids due to an
infinite plate that applies a shear stress to the fluid seem to be those of Waters and
King [21] and Bandelli et al. [22]. Recently [23], interesting solutions have been
obtained for the motion of Newtonian fluids induced by an infinite plate that applies
oscillating shear stresses to the fluid. This is very important as in some problems, what
is specified is the force applied on the boundary. The “no slip” boundary condition
may not be necessarily applicable to flows of polymeric fluids that can slip or slide on
the boundary. Thus, the shear stress boundary condition is particularly meaningful and
a closed-form expression for the starting solutions corresponding to the motion
induced by a flat plate that applies an oscillating shear to an Oldroyd-B fluid has not
been given before.

Consequently, the aim of this article is to determine starting solutions for the
unsteady motion of an incompressible Oldroyd-B fluid due to an infinite plate that
applies an oscillating shear to the fluid. Such exact solutions, which are not common
in the literature, provide an important check for numerical methods that are used to
study flows of such fluids in a complex domain. They are presented as a sum of
steady-state and transient solutions and satisfy both the governing equations and all
imposed initial and boundary conditions. Furthermore, the similar solutions for Max-
well and Newtonian fluids can easily be obtained as limiting cases of general solutions.
Finally, the influence of the material parameters on the fluid motion and the required
time to reach the steady-state are determined by graphical illustrations. This time is
lower for the cosine oscillations in comparison with the sine oscillations of the shear,
decreases with respect to the relaxation time A and the frequency w of the shear and
increases with respect to the retardation time A,.

2 Governing equations
An incompressible Oldroyd-B fluid is characterized by the following constitutive equa-
tions [9,14,17]

T=—pl+S, S+A(S—LS—SL")=p[A+r (A—LA—AL")], (1)

where T is the Cauchy stress tensor, -pI denotes the indeterminate spherical stress, S is
the extra-stress tensor, L is the velocity gradient, A = L + L is the first Rivlin-Ericksen
tensor, p is the dynamic viscosity, A and A, are the relaxation and retardation times, the
superscript 7 indicates the transpose operation and the superposed dot denotes the mate-
rial time derivative. In the following analysis, we will consider a unidirectional flow whose
velocity field is given by

V=V(y,t) =u(y )i (2)

where i denotes the unit vector along the x-direction of the Cartesian coordinate sys-
tem x, y, and z. For such a flow, the constraint of incompressibility is automatically
satisfied. We also assume that the extra-stress tensor S, as well as the velocity V,
depends only on y and ¢t. In the absence of a pressure gradient in the flow direction
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and neglecting body forces, the governing equation is given by [14]

du(y, t) Aazu(y, t) . (1 3 ) u(y, 1)

)\' —
a 912 Y

7, y,t>0, (3)

where v = y /p is the kinematic viscosity and p is the constant density of the fluid.
The non-trivial shear stress 7(y, £) = S,,(y, t) satisfies the partial differential equation
[[24], Equation (4)]

a 3\ du(y, t)
1+A— 1) = 1+A— ) ——= 9 . 4
(+ ar)f(yt) ”L<+’8t) ay 770 ?

3 Statement of the problem

Let us consider an incompressible Oldroyd-B fluid at rest, over an infinite plate. After
time ¢t = O the plate applies an oscillating shear to the fluid (f'sin wt or f cos wt, where
fand o are constants). Owing to the shear, the fluid is gradually moved. Its velocity
has the form of Equation (2), the governing equation is given by Equation (3) and the
appropriate initial and boundary conditions are

au(y, 0
u(y,0) =0, u(;/t ) =0,7(y,0) =0,y > 0, (5)
0 d\ du(y,t .
(1 +A—> (y,t)| = u(l +)L,—) u(y. =fsinwtorfcoswtt > 0. (6)
3t -0 o) ay |
Moreover, the natural condition
u(y,t) = 0asy — oo, (7)

also has to be satisfied.

4 Exact solutions
In the following, let us denote by uy(y, £), 7(y, £) and u.(y, ), 7.(y, t), the solutions cor-
responding to the two problems and by

V(1) = uc(y, t) +ius(y, 1), T(y, £) = we(y, 1) +its(y, ), (8)

the complex velocity and the complex tension, respectively. In view of the above
equations, the functions V (y, t) and T (y, £) have to be solutions of the next initial and
boundary values problems

aV(y,t) _d3?Vv(nt) 3\ 2V(y.t)
A VY S Py R V2 B 9
or e U\ TNy ) T P ©)
9 3\ V(o)
T+ ) T t) = (14 0= >0, 1
< + 8t> . 1) ,u( +Arat> By y,t>0 (10)
aV(y, 0
v(y,0)=0, Y09 o 14,000y > 0, (11)

ot
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=fe“'t >0, (12)
y=0

0 9\ oV(y.t
(1 +A—) T(y.t)| = /L<1+Ar—) (.t
ot y=0 ot ay

V(y,t) > Oasy — oot > 0. (13)

4.1 Calculation of the velocity field
In order to determine the solution of initial-boundary values problem (9), (11);,, (12),
and (13), we first take the Laplace transform [25] of Equation (9) and obtain

2V (y, a0 (14)

avV(y. ) + A*V(y,q) = v (1 + Aq) 72

where the Laplace transform V(y, q) of function V' (y, ) has to satisfy the conditions

V(y.q) f
= , 15
W o B ) 0d) 1
V(y,q) = Oasy — oo. (16)

Multiplying Equation (14) \/g cos(y€), integrating the result with respect to y from

0 to infinity and using Equations (15) and (16), we obtain

- 2 f 1
=— /=L 1

Vel ) 7 o (q—iw)[Ag? + (1 + 1vE2)G + vE?] 17
where

_ 2 oo _

Ve(&,q) = \/; J V(. 4) cos(y&)dy, (18)
denotes the Fourier cosine transform [26] of function V(y, q). Equation (17) can be

written as

Vc(gl q) = Vcl (f;:, C]) + \_/'52(%', C]), (19)
where

- 2 f (vE2 —re?) —iw(1 +A0E%) 1

VC ’ = — - . 7 20

1(5:4) T p (vE? —kw2)2+w2(l +krv.§2)2q_lw 20
V(e ) = 2f (vE —rw?) —io(1+Av8%) Aq+ [ihw + (1 +40E%)] (1)

TP (vE2 — A?)? + @2(1 + A, vE2)? AG? + (1 + A, vE2)q + vE?

Applying the inverse Laplace transform and then the inverse Fourier cosine trans-
form to Equation (20), we get the following expression
2 fel®t oo (vE? — Lw?) —iw(1 + A, vE?)

Vl(ylt)z_;pvza 0 (52_132)2_'_)/2

cos(y)ds, (22)
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where

2(h — Ar) o(1 + A w?)
1402008222 oy = Lhae A
* Fhrwnp V(1 +A2w?) 4 V(1 +A2w?)

Using (A;) and (A,) from Appendix 1, we obtain the following simplified expression

t-yavrp+2)] (23)

f [v e 1B TN L.
Vily,t) = ;\/; SR [cos (a)t—yA+(p + E) +isin <a)
where
242 = /B4 +y2+ B2, 2B% = /B4 + y2 — B and

V1+220? — oy /1 + AM2w?
V1+A20? + LoVl A 202

tang =

Now, for Equation (21), we introduce the function

Aq + [i)»a) +(1+ Arvéz)]

F(&,q) = , 24
(S q) }qu + (1 +)»rV~§;'2)q+ vsz ( )
which can be written in the following equivalent form
b .
Fe. q) = q+ % _b(E) + 200 )
’ ue)® _ (40)®  o(§) W\ (a0)2 (25)
q+2x 2 q+ 75 20,
where

b(E) =1+ 208, ¢(§) = \/(1 +2vE2)? — 4vAg2,

Applying the inverse Laplace transform and then the inverse Fourier transform to
Equation (21) and using Equation (25), we obtain the following expression

o)

2 f e coslt) () (4 20?(E) | (E)\] - )

v = e T g [(”52_“"%(27)* "G S”(Tﬂe Mo
o)

2 fo = cos(y€) c(&)\  b*(E) — 2A(vE? — ra?) &)\ -——
i gty 0 (5) T e ()] e

(26)

Finally, the velocity corresponding to the cosine oscillations of the shear is given by

_ [ e’B b4 2 f
wly ) = Vo Y +120?)(1 + 22w?) o8 (wt_ PAves 5) T e
b(&)t (27)

L cosiE) [ (O | (R elbE) ()]
! (E2 — p2)? + 92 [( o )Ch< 21 ) c(&) Sh( 2). )]e &

while that corresponding to sine oscillations has the form

f v e VB . o 5 fw
us(y, t) = ;\/g\‘y(l 2o ) sin (a)t—yA+<p + E) _ ;U,LL_O!
b(&)t (28)
T __C0S08) [}y, P2E) — 2087 —et) () *%d
X{m[@)c(n“ G) sh(=5; )]e 5.
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The starting solutions (27) and (28) corresponding to cosine and sine oscillations of
the shear, are presented as a sum between the steady-state and transient solutions.
They describe the motion of the fluid some time after its initiation. After that time, in
which the transients disappear, the starting solutions tend to the steady-state solutions

f [v e B T
us(y, t) = =,/ — cos (ot —yA+ ¢ + —
=) nN @ J(1+220?)(1 + 220?) ( e 2>

_ (29)
f v e VB i
== /- sin(wt —yA+¢ + 1),
pN o J(1+2202)(1 + A20?)
respectively,
ualy 1) = L \/7 e sin( t—yA ”) (30)
) == [— wt—YA+9+—=]).
W= o 0 o)1+ 207 mrers

which are periodic in time and independent of the initial conditions. However, they
satisfy the governing equation and boundary conditions. As expected, they differ with a
phase shift.

4.2 Calculation of shear stress

In order to obtain the corresponding shear stresses, we apply the Laplace transform to
Equation (10) and the inverse Fourier cosine transform to Equation (17). Combining
the results, we get the following expression for the Laplace transform of the complex
tension T (y, t):

- 1 Ard+ 1
T04) = __/ §sin(8) T qu 1037+ (1 avEd)g + vE2 BD)
Equation (31) can be written as
T(v.q) = Ta(y.9) + T2 (v, 9) + T5(v. 9). (32)
where
- ~ —2f 1 —iro [ sin(yé)
Ti(y. q) = TP /0 : d, (33)
- 2f g2 - p? Awy AwE? — B +y
Ta(y.q) = mq w)_/ &si H(V5)|:(%_2 52 + —i (& — p2) 42 i|d§« (34)
L afu [, M(£)q + N()
100) = 22 [ gsinge) TS e, (35)
0
with
M(E) = A £2(hwy = B2) + (Y2 + BY) +ilE2 (v + roB?) — ho(y? + BY)]
T u(1+A202) E2((82 - 52) +y?)
N(E) = 1 —£2(y +2B?) +ro(y? + B*) +i[€* (wy — B?) + (v* + BY)]
Co(l+2%e?) (62— 82 +7v?)
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Applying the inverse Laplace transform to the Equation (33) and using (A3) from
Appendix 1, we get

Tl(y,t)=<1 S )eT. (36)

+A202 1+ 20202

Similarly, using (A4) and (A4s) from Appendix 1, from Equation (34), we obtain the
following suitable form for Ty(y, t)

fe?

PR [cos(wt — yA) + Aw sin(wt — yA) + i(sin(wt — yA) — Ao cos(wt — yA))]. (37)
+ X

Ta(y, 1) =

A straightforward calculation leads to the following simplified form

fe®
V142202

where tan y = dw.

Ty, t) = [cos(wt — yA — ) + isin(wt — yA — )] (38)

Now, we consider the function

M(§)q+N(§)

G ’ = ’
(&9 AG? + (1 + AvE2)q + vE? (39)
which can be written in the following equivalent form:
b) iG]
a+ o [—b(é)M(S) 2N(§)] 2
G(,q) =M .
N PR N B EO OB P

Applying the inverse Laplace transform to Equation (35) and using Equation (40), we

obtain
o [ sing®) &)\ _ p&) ., ()
W"”n(1+x2w2)O/s[(sZ—ﬂZ)%(y)Z] [(oor =m0t emman () - 5 (5)) (41)
ey
(1620 208 — 0ty o1 () - TE ()]0
where

p(§) = vE* ooy — B2) +2(y + 2wp?)] + o(y? + B*) + w2 [(hwy — B7) —v(y? + BH) (21 — 1)),
(&) = vE4[2()Lwy — ﬁz) — oy + Awﬁz)] + Ez[v(yz + 54)(2 + )L)L,wz) —o(y + )La)ﬂz)] + sz(yz + ﬁ4).

Using Equations (32), (36), (38), and (41), the shear stress corresponding to cosine
oscillations of the shear can be written in the form

I A wO (i o [ singe)

w(y, 1) = 123202 Ao+ Niwsers cos(wt —yA — ) + T+ 0/ HE P 07 )
—b(&)t
<€y - g2 pten (B) - K (BL) e 2 e
Also, the shear stress corresponding to sine oscillations is given by
—t .

__Jfre o S 2f sin(yé)

(1) = Te202° Ao+ Nps e sin(wt —yA — ) + 2207 .O/ HE B )] )
—b(&)t

[t - 50 () 200 ()}
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Of course, the shear stresses given by Equations (42) and (43) are also presented as a
sum of steady-state and transient solutions. The steady-state solutions

¥B e~ VB
s(yt) = \/lfT cos(wt —yA — ) and t(y, t) = ﬁ sin(wt — yA — ),

also differ by a phase shift. The property seems to be not true for the transient solu-
tions. This is the reason that we separately gave the starting solutions for both cosine
and sine oscillations of the shear stress on the boundary.

5 Particular cases
5.1 A, = 0 (Maxwell fluid)
Making A, — 0 into Equations (27) and (28), we obtain the velocity fields

D e B b1 2f [ cos(y€)
um(y t) = ;\/gihhrkzwz) cos (wt—}’A+<p+3) +7T—MV A —(52 " >2+(2)2
' (44)
/1 — 2 2 2 /71— 2 ¢
x | (vE* — Aw?)ch 1- 408 t)+ Vi + Ao o (L2 Arvg t) |e 2 dg,
2 V1 —4rvE? 25
f v e VB ) b4 2 fo [* cos(y&)
usm(y, t) = ;\/gihldzwz) 51n(a)t—yA+<p+E)—;E/0 —<52_M)2+(2)2
v v (45)

— — 2_ 2 - 7i
x | ch mt +1 208"~ ho )sh mt e 2Adg,
21 V1 — 40g2 22

corresponding to a Maxwell fluid performing the same motion. Similarly, from Equa-
tions (42) and (43), we obtain the corresponding shear stresses

N of sin(yé)e” 27
) =TT T @AY / (u&2 Aw2)2+w2:| (46)
) V1 —4pvé? 02 +20E2(VE? — raw?) V1 —4rvE2
X | w*ch t) — sh t)|ds.
22X /1 — 4)vE?2 22X
L
et fe 7B B 2fw sin(y&)e” 2%
W00 = T 002 T e et T AT ) /0 £ (82 202y + 2] (47)
_ 2 2 _
w | (v? = rewt)eh (Y2 gz N vE rhen o (VIZAER )Y
2A /1 — 4rvE2 21

5.2 4 — 0 (second grade fluid)
Using Equations (27), (28), (42), (43) and the limits

)t )t g2
lime™ 2)\ ch (c(é)t) lime™ 23 2k sh (C(S)t) leXp( vs t>,
A—0 =0 21 2 1+ vArt

we obtain solutions corresponding to a fluid of second grade:

oo

f e’ &’ COS(YS) —vg’t
esc(y t) = \/> COS yA+<p+ +7T,LL 1+62 / &-2_,,/32 y2 p<1+a§2>dE' (48)

0
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00

f v e B (1+at?) cos(yé) —vEZL
wsr) = Gy o (o = v 3 mw1+32/ @+ p) o (i) & (49)

0

£% sin(y§) ox (—vézt )dg,

£2 4 52)2 + 921 + k2 1+a&? (50)

Tsc(y, t) = fe "8 cos (wt — yA) — 27]_([‘::/ / (
0

tsSG(y/ t) fe yB sin (wt . yA f / 52 SIH(YS) EXp ( _Vézt )d{—‘, (51)

) +y2 1+ag?
where
)\l 8 odw ,32 (xa)2 w
o = VA, = —, = —, = —,
’ v 2(1+82) T o +82) (52)

A =y(V1+82-6), 2B*=yp(V1+682+8), tanp=(vV1+82-36).

531 — 0,4, — 0 (Newtonian fluid)

Making, A — 0 and, A, — 0 into Equations (27), (28), (42), and (43) or, A — 0 into
Equations (44)-(47), or o = 0 into Equations (48)-(52), we recover the solutions [[23],
Equations (20)-(23)]

o JZ 3 of % &2 >
unN(y t) = g\/ge W2 cos (a)t —y 2w—v + Tn) M{T Of ; Coggi) il e, (53)
v

[T o 3\ A 0 osE)
usn(y, t) = ;\/ge W2 sin (wt—y\/;+ T) - M_ﬂ;{me g, (54)
\%

ron(, ) = fe V2 cos (wt—y 3) = [t £ SI00E) g, (55)
2v (U)
_y |2 2 o0 2
‘l:sN(y, t) =fe " 2v sin (a)t—y %) 7'{6:)) Of % o VvE td%— (56)

corresponding to the flow of a Newtonian fluid.

6 Numerical results and conclusions

In this article, the unsteady motion of an incompressible Oldroyd-B fluid over an infi-
nite plate that applies an oscillating shear stress to the fluid is studied by means of
integral transforms. The starting solutions that have been obtained for velocity and
shear stress are presented as a sum of steady-state and transient solutions. They
describe the motion of the fluid some time after its initiation. After that time, when
the transients disappear, the starting solutions tend to the steady-state solutions that
are periodic in time and independent of the initial conditions. However, they satisfy
the governing equations and boundary conditions. Furthermore, as it was to be
expected, the steady-state solutions corresponding to the cosine oscillations of the
shear differ with a phase shift from those due to the sine oscillations of the shear. This

Page 9 of 19
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property is not true for the transient components of solutions. This is the reason that
we separately gave the starting solutions for both cosine and sine oscillations of the
shear stress on the boundary.

By making 4, = 0 into general solutions (27), (28), (42), and (43), we obtain the simi-
lar solutions (44)-(47) corresponding to a Maxwell fluid performing the same motion.
Making A — 0 into Equations (27), (28), (42), and (43) we obtain the similar solutions
(48)-(51) corresponding to a second grade fluid performing the same motion. Solutions
(44)-(47) with A — 0, respectively (48)-(51) with a = 0 give the similar solutions (53)-
(56) for Newtonian fluids. It is worth pointing out that the expressions of 7. (y, £) and
7o (9, £) are identical, as form, with those of vy (3, £) and vy (3, £) corresponding to a
similar motion with the boundary conditions [[13], Equation (3.1)]

v(0,t) =V cos(wt) or v(0,t)=Vsin(wt); t>0. (57)

The velocity field (see [[13], Equations (3.11) and (6.2)])

vin(y t) = Ve ! o] sin (a)t —y %) + Ve f Mz‘vfztdé, (58)
V 2v

TV (3)]

for instance, has the same form as 7,y (y, £) given by Equation (56). This is not a sur-
prise because, for Newtonian fluids, Equations (3) and (4) together with the balance of
linear momentum lead to a governing equation for shear stress of the same form as
that for velocity.

Generally, the starting solutions for unsteady motions of fluids are important for
those who need to eliminate the transients from their rheological measurements. Con-
sequently, an important problem regarding the technical relevance of these solutions is
to find the required time to get the steady-state. More exactly, in practice it is neces-
sary to know the approximate time after which the fluid is moving according to the
steady-state solutions. For this, the variations of the starting and steady-state velocities
with the distance from the plate are depicted in Figures 1, 2, 3, 4, 5, 6, 7, and 8 for
sine and cosine oscillations of the shear stress on the boundary. At small values of
time, the difference between the starting and steady-state solutions is meaningful. This
difference decreases in time and it is clearly seen from figures that the required time
to reach the steady-state for the sine oscillations is higher in comparison with the
cosine oscillations of the shear. This is obvious, because at ¢t = 0 the shear stress on
the boundary is zero for sine oscillations.

Of course, the required time to reach the steady-state depends on the material con-
stants and the frequency w of the shear. Figures 1 and 4 show the influence of ® on
the fluid motion. Furthermore, the required time to reach the steady-state decreases
for increasing w. The influence of the relaxation and retardation times A and A, on the
fluid motion is underlined by Figures 2, 3, 5, and 6. The two parameters, as expected,
have opposite effects on the motion. The required time to reach the state-state
decreases with respect to A and increases with regard to 4, for both types of oscillating
shear. The steady-state is rather obtained for a Maxwell fluid in comparison with an
Oldroyd-B fluid having the same relaxation time A. Figures 7 and 8 show the influence
of w on the motion of second grade and Newtonian fluids. As expected, the required
time to reach the steady-state is lower for second grade fluids in comparison with
Newtonian fluids.
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0.2

-02

t=15
t=40
t=2270

uss(y)
et

*00

¥

1.5

Figure 1 Comparison between the starting velocity ug(y, t) and the steady-state velocity u(y, t), for
f=6,v=0.004, u=3.92, 1 = 8, A, = 4 and different values of time t and frequency .
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1 1
3'40 05 1 15

0.4 T T
A=45 us(y) uss(y)

y

Figure 2 Comparison between the starting velocity u(y, t) and the steady-state velocity u(y, t), for
f=6,v=0.004 u=3.92 1, =05, » = 0.08 and different values of time t and the relaxation time
A.




Shahid et al. Boundary Value Problems 2012, 2012:48
http://www.boundaryvalueproblems.com/content/2012/1/48

-04 . .
0 05 1 15

Figure 3 Comparison between the starting velocity ug(y, t) and the steady-state velocity u(y, t), for
f=6,v=0.004, u =392, A =4, » =0.08 and different values of time t and the retardation time A,.
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Figure 4 Comparison between the starting velocity u.(y, t) and the steady-state velocity uly, t),
for f=6, v =0.004, u = 3.92, A = 8, A, = 4, and different values of time t and frequency w.
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Figure 5 Comparison between the starting velocity u.(y, t) and the steady-state velocity uly, t),
for f=6, v = 0.004, u = 3.92, A, = 0.5, = 0.08 and different values of time t and the relaxation
time A.




Shahid et al. Boundary Value Problems 2012, 2012:48 Page 16 of 19
http://www.boundaryvalueproblems.com/content/2012/1/48

o0 | t=10 [eee
see| t=15 |eee
rovers

-04 . .
04 05 1 15

¥

Figure 6 Comparison between the starting velocity u.(y, t) and the steady-state velocity uly, t),
for f=6, v =0.004, u = 3.92, A = 4, » = 0.08 and different values of time t and the retardation
time A,.
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Figure 7 Comparison between the starting velocity and steady-state velocity for second grade and

Newtonian fluids for f = 6, v = 0.004, u = 3.92, @ = 0.016 and different values of time t and
frequency o (sine oscillations).
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Figure 8 Comparison between the starting velocity and steady-state velocity for second grade and

Newtonian fluids for f = 6, v = 0.004, u = 3.92, @ = 0.016 and different values of time t and
frequency o (cosine oscillations).
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