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An incompressible flow of a non-Newtonian Spriggs fluid over an unsteady oscillating plate is investigated
using the Homotopy Analysis Method (HAM). An analytic solution of sine and cosine oscillations of the plate
has been obtained. The similarity transformation is introduced to reduce the governing partial differential
equations into a single non-linear dimensionless partial differential equation. The effects of the power index of
Spriggs fluid and convergence control parameter of HAM for the flow are studied extensively. The range of the
convergence control parameter for convergence of series solution for different values of the power index of
Spriggs fluid is obtained. The solution for a Spriggs fluid is noticeably different from the solution obtained for a
Newtonian fluid. The influences of the shear thinning and shear thickening fluid on the velocity profile are shown
graphically. The transient flow effect is higher for non-Newtonian Spriggs fluid than that of a Newtonian fluid. It
is also observed that the interval to reach the steady state for the cosine case is less than the sine case. The
applications of Stokes’ second problem have been widely found in the variety of fields of biomedical, medical,
chemical, micro and nanotechnology.
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1. Introduction

The study of characteristics of a non-Newtonian fluid flow is very essential because they have
important applications in the vast field of industry, science and engineering. Non-Newtonian nature of fluids
has been studied by many models [1-2]. Spriggs fluid is one of such non-Newtonian fluid models and it is a
Generalized Newtonian fluid (GNF) [3-4]. Spriggs fluid, also called truncated power law fluid, was first
suggested by Spriggs [5] in 1965. At low and high shear rates, the power law model does not predict any
Newtonian plateau and gives inaccurate results, whereas the constitutive equation of Spriggs fluid truncates
the region with the reference shear rate before which the fluid will behave like Newtonian and after which it
performs like a power law fluid model. Recently, Lavrov [6] explained the hydraulic fracturing application
of flow of Spriggs fluid between parallel walls and concluded that the Spriggs model increases the accuracy
of hydraulic fracturing simulation, as compared to the power law model. Spriggs fluid as a shear thinning
fluid can be very useful in study on elastohydrodynamic film thickness [4-7]. Adusmilli and Hill [8]
investigated the transient laminar flow of Spriggs fluid.

The study on the flow of non-Newtonian fluids over a plate has attracted attention of many
researchers [9-13]. Stokes’ first and second problems are one of those types of flows. Stokes’ first problem
[14-18] refers the sudden start of plane plate. The plate moves with a constant velocity tangentially to its own
plane, whereas Stokes’ second problem is the periodic motion of a flat plate. Rajagopal [19] gave the first
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exact solution of Stokes’ second problem for non-Newtonian fluids. Recently, Ishfaq et al. [20] investigated
Stokes’ second problem for nanofluids. Duan and Qiu [21] provided periodic solution of Stokes’ second
problem for viscoelastic fluids. Semi -analytic methods such as the Adomain Decomposition Method
(ADM), Homotopy Perturbation Method (HPM), Variational Iteration Method (VIM) were used to
investigate the fluid behaviour over a flat plate with oscillating motion and wall transpiration by Farkhadnia
et al. [22]. Oscillating flow of an incompressible magnetohydrodynamic (MHD) second grade fluid in a
porous half space was investigated by Ali et al. [23]. An analytic solution of second problem of Stokes’ for a
second grade fluid using the Laplace transform and perturbation technique was given by Asghar et al. [24].
Fetecau et al. [25] used the Laplace transformation to give exact solution of Stokes’ second problem for a
Newtonian fluid. Ai and Vafai [26] considered eight non-Newtonian models and compared velocity and
temperature profiles of these models with Newtonian fluids. The analytic solution of Stokes’ problem using
the Laplace transform method was studied in depth by Erdogan [27] and the solution includes both steady
and transient solutions.

The governing equations for fluid mechanics problems such as Stokes’ second a difficult task to get
analytical approximations of such non-linear partial differential equations. Traditionally, perturbation
methods [28, 29], have been widely applied to give analytic approximations of non-linear problems but,
unfortunately, they rely highly on small/large parameters and these parameters restricts-the analysis because
many non-linear problems do not contain such small/large parameters. An analytic method known as the
Homotopy Analysis Method which is based on the topological concept “Homotopy” has been developed by
Liao [30]. The method does not depend on any small/large parameter. HAM also provides a suitable way to
control the convergence of series solution by using a parameter called the convergence control parameter.
Due to these reasons, HAM is valid for both weak as well as strong non-linear problems. HAM is a powerful
method and is applied to many problems nowadays. Recently, Rashidi et al. [31] discussed the mixed
convection boundary layer flow of a micro polar fluid towards a heated shrinking sheet by using HAM. A
non-linear convective stagnation point flow of a thixotropic fluid towards a stretching sheet within the frame
of Catteneo Christov heat flux theory was studied by Hayat et al. [32]. A non-linear fractional differential
equation was solved by Das et al. [33] using four different methods, viz., HAM, VIM, ADM and Power
series method (PSM). An automatic scheme was coupled with HAM to solve non-linear algebraic equations
by Al-Shara et al. [34]. HAM is very efficient and applied to many non-linear problems [35-39].

Many researchers have used different non-Newtonian models to study and investigate the flow for
Stokes’ second problem. In this paper, the behaviour of Spriggs fluid over a flat plate is presented where the
plate is initially at rest and then starts oscillating. Similarity transformation is used to investigate the flow. The
transformed non-dimensionalised partial differential equation after using similarity transformation is solved by
HAM. The plate is subjected to both sine and cosine oscillations. Variations of the velocity profile are
presented graphically for different values of the convergence control parameter of HAM and power index of
Spriggs fluid. Also, the effect of distance from the wall and the power law index over wall shear stress is
discussed and presented graphically. It is found that velocity decays to zero, faster for a non-Newtonian fluid
than for a Newtonian fluid. Velocity dies away early for a shear thickening fluid than for a shear thinning fluid.

The paper is organized as follows: Section 2 contains a description of the problem and its
mathematical modelling. Section 3 provides the solution of the problem via HAM for boundary condition
subjected to both sine and cosine oscillations. Section 4 includes the graphical representation of velocity and
wall shear stress for different parameters, such as the convergence control parameter, distance from the wall
and power index. Finally, Section 5 concludes the results of Section 2, 3 and 4.

2. Mathematical modelling
2.1. Governing equation

Consider a two dimensional boundary layer unsteady viscous flow in an infinite fluid medium. The
infinite flat plate lies on the x - axis at time =0 shown in Fig.1a. For ¢ >0, the plate starts moving with

velocity U, (x), shown in Fig.1b.



Homotopy simulation of non-Newtonian Spriggs ... 361

Let U, (x)=USinwt¢ denote the speed of the flat plate.

EAl
¥4 u(0.t) =USint foret> 0

> X \/ X
(@) (b)
u(0.t) =0 fort =0

Fig.1. Schematic diagram and co-ordinate system for Sine oscillation.

Modelling of non-Newtonian Spriggs fluid flow for Stokes’ second problem in the absence of body

force is given below:
The equations which governs the flow are given by
- continuity equation

a—u+@=0' (2.1
ox Oy

b

- momentum equations

i ot
| ot ox oy ox Ox ox
i ot ot
o| Lwud | T Ty (23)
o x| &y W

Here u and v are velocity components in the direction of x and y respectively, ¢ is time, p is the
density of fluid, p is pressure and U denotes representative velocity. As the plate starts moving, it oscillates
parallel to its plane with velocity U Sinw¢ or U Coswt . Under these conditions, no flow occurs in the y
direction and the flow velocity u at a given point depends only on its y- coordinate and time .i.e. u =u(y,t)

ou
—=0. 2.4
o 24

<
Il
S

Stress components using Eqgs (2.4) are

Tye =Ty =Ty =0 2.5

Using Eqgs (2.4) and (2.5), y-momentum Eq.(2.3) implies

P_,. (2.6)
oy

As pressure is independent of x
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op
==0, 2.7
B (2.7)

so Egs (2.6) and (2.7) imply that pressure is constant.
The viscosity function of the truncated power law of Spriggs [2] is defined as

Ny ; Y<7y
n—1
n= Y . (2.8)
Mo [l] 5 Y20
Yo

where 1, ,y and 7, are dynamic viscosity, shear rate and reference shear rate, respectively. 7, is the value
of ¥ from where shear thinning behaviour begins. The stress component 7, for a non-Newtonian Spriggs
fluid is

ou ..
No — ;Y <Y
oy
Ty = .\~ (29)
n(lJ L
) 7"

Using Egs (2.4), (2.5), (2.7) and (2.9), x-momentum Eq.(2.2) reduces to a partial differential equation

o’u o
_2 ’ y S YO
ou oy
p =, \ (2.10)
ot I ofou) . ._.
. -1 A a_ s Y2 Yo
(Yo ) ay\ oy
and the respective boundary condition will be
u(y,0)=0 for y>0, (2.11a)
0.n=1"° ;=0 2.11b
u(0,t)= . .
USinot ; 20 ( )
u(y,t) >0 as y—>0, (2.11¢)
2.2. Dimensionless governing equation
We introduce the following similarity transformation according to Ali and Vafai [26]
1/2
f==, t=ot, and 7 =y(gj (2.12)
U Vg

where U is the reference velocity, o is frequency and v, is representative viscosity.
Therefore
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u_Uod'f
o’ vy on’
2
Substitute these values, i.e. u , ou and u into Eq.(2.10). Then it yields
ot oy ayZ
2
Vo d’f Y

5

2
8 Ly on on
P[Uﬂ)—f} =My » (n-1)/2 n-1 2
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n(@j aor. 9
on o’ on

1/2
where vy, =U [ﬂj is the reference shear rate [26] which denotes the magnitude of wall shear rate as a
Yy

combined effect of U, v, and o .
Casel: y<7,,ie. 131.
on

From Eq.(2.13) we have

2
7.2 014

Casell: 7 >7,, i.c. 12 1
on
We have from Eq.(2.13)

n—=1 )
@—n(ij 9Ty, (2.15)

ot \on) o
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Initial and boundary conditions i.e., Eqs (2.11a-c), after introducing (2.12), are transformed as
follows

fM,0)=0, f(@O,t)=Sint and f(,7)=0. (2.16)

Note that for n=1, both Eqs (2.14) and (2.15) became identical.
If the principal boundary condition (Fig.2) is

0 ; t<0
u(0,1) =
U Cosot ; t>0
then the respective non-dimensionalised boundary condition becomes
SM,0)=0, f(0,tr)=Cost and f(o,1)=0. (2.17)
A=
¥ u(0.t) = UCoswt fort >0

N /N
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@ (b)

u(0.t) =0fort =0

Fig.2. Schematic diagram and co-ordinate system for Stokes’ second problem for cosine oscillation.
3. Analytic approximation by HAM

An analytic solution for non-dimensionalised partial differential Eqs (2.14) and (2.15) with initial
and boundary conditions in Egs (2.16) and (2.17) have two cases, the first case is for a Newtonian fluid and
the other case is for a non-Newtonian power law fluid as per definition of Spriggs fluid. Both the cases are
discussed below.

3.1. Casel: for %s 1
on

The exact solution for Eq.(2.14) with respect to the initial and boundary conditions in Eqgs (2.16) and
(2.17) is given by

u(y,t)teXp[— /istm(m— /Lyj (3.1)
2y, 2y,

and u(y,t)= Uexp[— Ly]Cos(nt - Ly] , 3.2)
\ 2v, \ 2v,

Egs (3.1) and (3.2) are the exact solutions for the flow of a Navier—Stokes fluid [40] past a plate with
oscillatory motion (sine and cosine oscillation respectively).
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3.2. CaseIl: for oS >]
o

An analytic solution for Eq.(2.15) with respect to the initial and boundary conditions in Eqs (2.16)
and (2.17) is obtained by HAM. An initial guess f,, auxiliary linear operator £, non-linear operator N,

convergence control parameter ¢, are properly chosen to get the convergent homotopy series solution.

On the basis of initial and boundary conditions, initial guess f,, is taken as

fo(n,©)=e"Sint, (3.3)

and the linear operator as

LH=/"-T1, (34
with the property that
E(ale_” +a2en)=0. (3.5)

Using Eq.(2.15) we define the non-linear operator as

B
N[o(n, Q)]_T_”£a$j anq?) : (3.6)

Zeroth order deformation equation

(=9 L[oM,u9) — D] =N (6 w9) |, (3.7)
subject to the boundary condition

0(0,7;9)=Sint  and  ¢(0,T;9) > 0.

Note that f,(n,t) satisfies the conditions in Eqs (2.16) and (2.17) as well as the zeroth order
deformation Eq.(3.7). For ¢=0, ¢(n,1;0) = f,(n,7) and for ¢g=1, since ¢, # 0, Eq.(3.7) is equivalent to Eqs
(2.14) and (2.15), provided ¢(n,t;1)= f(n,1).

The series solution is given by

F)= o)+ Y (0, (3.8)
m=1
where
1 9"0(nuq)
S (naT)—%aq—mL;:m

and f, is governed by m” order deformation equation
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L[ S (M) =St (0.7) |2 oDy AN (0 39) |} (3.9)
where
0, m<l
X’"—{I , m>1

with the initial and boundary conditions

Sn(M,0)=0, (3.10a)
Jm(0,7)=Sint or Cost, (3.10b)
Jm(2,1)=0. (3.10¢c)

Let f,, *(n,t) denote the special solution of Eq.(3.9) with boundary conditions (3.10b) and (3.10c)

and £ is inverse of the linear operator L, S ¥ which is given by

Sn D=2 0, e D+6 Y B LD, AN 9 1)) (3.11)
k=0 k=0
so that
S (D)= Sones (1) + 6oL [D, (N [0(n10) ]}1 (3.12)
Homotopy series solutions for both sine and cosine oscillations are given by
S =fMD+ Y. fum=e"Sint+ Y. {f,(n,0)+(Sint— f,,0,0)e "}, (3.13)
m=1 m=1
and

SO)= D+ Y fu( 1) =e N Cost+ Y {fn(m D) +(Cost— /0D (3.14)
m=1

m=1

After obtaining the velocity, the corresponding wall shear stresses can be obtained by means of the
following relation

. of of
— ;0 —=—<1
Mo Yo on -0 on
7, (1) = o " o (3.15)
Vo | — ;o —2>1
NoYo [ 5‘1] n—0 on

Fetecau et al. [25] has discussed wall shear stress for n=1.
4. Results and discussion

After introducing similarity transformation (2.12), the governing Eq.(2.10) with initial condition
(2.11a) and boundary conditions (2.11b) and (2.11c¢) is reduced to non dimensionalised partial differential
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Eqgs (2.14) and (2.15) with initial and boundary conditions given in Eqgs (2.16) and (2.17). Equation (2.14) is
the case of a Newtonian fluid which is studied in [40] and has already been discussed. It is worth mentioning
that for n=1, Eq.(2.14) and Eq.(2.15) are same. The nonlinear partial differential Eq.(2.15) with boundary
conditions in Eqgs (2.16) and (2.17) is solved via HAM, a semi analytic method. In this section, different
values of the power index 7 are considered to investigate the behaviour of flow of Spriggs fluid for second
problem of Stokes’. It has been observed from the study that the non-Newtonian Spriggs fluid flows also
acquire steady state like Newtonian fluid flows but it takes less time than for Newtonian flows to reach
steady state.

4.1. For n=0.5

The simplified form of Eq.(2.15), is

o _1fa ) or
ot 2\an)  on?
or 4.1

2 2
(@) _4@(82_1’J i
ot on arlz

4.1.1. CASE (a): Subject to initial and boundary condition
f(m,0)=0, f(0,1)=Sint and  f(oo,T)=0 .

In the HAM solution process, the convergence control parameter plays a very important role for
giving convergent series solution. So to find the range of convergence control parameter ¢, , we plot a graph

between f'(0,0) and c, given in Fig.3 for 2", 3 and 4™ order of approximations. The series solution
Eq.(3.13) for Eq.(4.1) will converge effectively in the range —0.2<c, <0.2 for second, third and fourth
approximations. For fourth order approximation, the range of ¢, is —0.25<c¢, <0.5. Further, Fig.4 and
Fig.5 show the impact of ¢, over velocity f along the tangential coordinate M for different ¢, at t=1.57
and t=4.71, respectively. c, . From both the figures, it is observed that as ¢, increases the velocity profile

decreases more rapidly and it reveals that steadiness of the velocity profile can be adjusted and varied by
using the convergence control parameter. The forth order approximation of the velocity profile f'is shown in
Fig.6 for ¢y = 0.2 . It shows that the velocity profile for t=§8 is higher and t=5 is lower among other

values of 1 . The steadiness comes faster for 1= 3.

-0
......... k=2
— k=3 /"/
-
002 —— — k=4 "
] e — o __r._-——f"";
g m—————p —
075 T -0.25 0.25 oys
-002 -
-0-04

Fig.3. Variation of f'(0,0) and ¢, at 2", 3" and 4™ order of approximation.
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c0=0.5

c=-0.25

c0=0.25

c0=-0.25

——¢0F0.25

=05

Fig.5.

Effect of ¢, onvelocity f at t=4.71.

-1

Fig.6. Influence of time t on velocity f for ¢y =0.2 in the case of sine oscillation.
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4.1.2. CASE (b): Subject to initial and boundary conditions

fMm,0)=0, f(O,t)=Cost and f(,1)=0 .

Variation of f'(0,0) versus c, is presented in Fig.7, for 2", 3" and 4™ order of approximations to
show the range of c, . It illustrates that the series solution (3.14) of Eq.(4.1) in this case converges for

—0.75 < ¢y <—0.1. The fourth order approximation shows the range —0.9 <¢, <-0.05.
Effect of convergence control parameter c, over velocity

Figures 8 and 9 show the variation of f with respect to M for different ¢, at t=3./4 and t=6.28,
respectively. Also, it is observed that the velocity reduces with an increase in ¢, . The values of ¢, are taken

from the range of ¢, . Figurel0 shows variation of the velocity profile at various values of dimensionless
time T .

It is found that initialy, i.e., at T =0 the highest velocity observed while at t =2 the the velocity is
lowest, other velociti profiles are lie between them. It is seen that the steadiness comes faster for t =3 and
at n =0 the velocity is lowest for 1= 3.

T T 0 T s
-1.3 -09 -0.5 01 0[3
-04 4
g S |
8| — - R
5-1 ’_, '_""-p:”—h______-_-_\__
— - -
Rl k2 124 SN
S =3 I“L""-\.
rf .
- ——— k=4 16 .

M

Fig.7. Variation of f'(0,0) and c, at 2", 3" and 4™ order of approximation.
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Fig.8. Effect of ¢, on velocity f for 4" order of approximationat © = 3.4 .
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06 4 . c0=-05
————————— c0=-025
M,
0.4
02 - s
D T I T quﬁm T
0 1 2 3 n 4 5 B

— =10

-1

Fig.10. Influence of time t on 4™ order approximation of velocity f for ¢y=—0.25 in case of cosine
oscillation.

4.1.3. Wall shear stress t,, for n=0.5

0.5
. [0
T, (D) ="My¥p (%j n—-0 -

Figurell shows the sine and cosine variation of T,, over several time intervals. Here m,y, =/ and

¢y =—0.05 is considered for sine and ¢, =—0.1 is taken for cosine oscillations.
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Fig.11. Variation of t,, over time for sine and cosine oscillations for several time intervals (a) T<[0,15]

(b) T€[0,50] (c) T€[0,150].

It is observed that as the value of m,y, increases the amplitude of t,, increases. While the behaviour

of 7, will a similar.

=0.75

4.2. For n

The form of Eq.(2.15) will become
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b

ot 4\ 0n 51']2

or (4.2)
ar) 256 af(gy i
o’ ) 81 omlor)

4.2.1. CASE (a): For conditions

o _ z(z]"“‘ o’ f

fM0)=0, f©0,1)=Sint and f(o,1)=0.

Variation of f7(0,0) versus ¢, is shown in Fig.12, for 3" 4™ and 5™ order of approximations.
Series solution (3.13) converges in the range —0.25 <c, <0.25 for the present case. The velocity profile f
for ¢y =—0.25 is shown in Fig.13 and displays that the velocity profile for t=§ is higher and at 1 =15, the

velocity profile is lower, other velocity profiles are in between them.The steadiness comes faster for T= 3. It
is clearly shown in Fig.13 that the term in initial condition is dominating, the velocity profile is approaching
zero as the ™M increases for the exponential term and velocity shows the harmonic (sine and cosine)

behaviour as well.

U 7
——k=3 ]
0.0002 e
—— I'(_"'I' . '._, (I.,/t
- oooor | | T k=5 o
= T - e ‘o & t __(_____...--"”"LF T T
075 D55 -035 015 0.05 025 0.45 0.65
e -0.0001
=
-
Fig.12. Variation of f'(0,0) vs c, at 3", 4™ and 5" order of approximation.
1
— 11
— — 15
™5
----- =7
P N | _—
’ -—— =10
¥

Fig.13. Influence of time t on velocity f* at ¢, =—0.25 for sine oscillation.
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4.2.2.

CASE (b): For conditions

fM,0)=0, f(O,t)=Cost and f(o0,7)=0 .

Variations of f'(0,0) versus c, are presented in Fig.14 for 2", 3 and 4™ order of approximations.

The series solution (3.14) in this case converges effectively in the range —0.45 <c, <—0.1/. The velocity

profile f for various 1 at ¢), =—0.25 is shown in Fig.15. It is observed that the velocity profile for 1 =0 is

higher and at t = 3, the velocity profile is lower. The steadiness comes faster for t=§.

4.2.3.

Cn i Jﬂ
Qs 06 04 0.2 >
05
_ o Trreemesiianca = =3 "‘;'.'—"_"_""hi-._-—'T————
Q | R
E- -
s — 15
e
..... k=4 2

1
\‘ — =0
N
s N =
"_,."._. e
0.2 - _ T _ -
S, I S """"‘:f‘_":'_"-_"_T_ﬂl',_' —
02 8- .....----: - 7?;___-_ _:_——_.";. i : " - 1 -
- -- - -T=5
P
=
sl -7 ] -
[ =8
-1

Fig.15. Influence of time t on f at ¢,=—0.25 for cosine oscillation.
Wall shear stress forn=0.75

The behaviour of wall shear stress t,, for both oscillations is shown in Fig.16 at different time

intervals. The wall shear stress t,, for n=0.75 is given by

0.75
. [0
TW(T) =NpYo (%j n—0
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where 1y, =1 and ¢, =—0.1 is considered for both sine and cosine oscillations.
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Fig.16. Variation of t,, over time for sine and cosine oscillations
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4.2.4. The behaviour of shear thinning

The velocity profile for n=0.5 and n=0.751is shown in Figs 17 and 18 when the boundary
conditions are f(0,t)=Sint and f(0,7)=Cost , respectively. Here, ¢, =—0.25 . The solid line shows the

velocity profile for a Newtonian fluid. The dot line and dash line represent the velocity profile for shear
thinning fluid behaviour i.e., for n=0.5and n=0.75, respectively. Figurel7 demonstrates that the

steadiness for n = (.75 comes early with respect to n=0.5at t=1.57 and steadiness for n =0.5 comes
earlier than n = 0.75 att=4.71. Note that there is no phase change for shear thinning flow while there is
phase change in the Newtonian flow. Figure 18 indicates that the steadiness for n =0.75 is delayed than for
n=0.5.

1
N e n=0.5, 7=1.57
R R [ n=05, =471
06 4 / = n=075, =157
N n=0.75, =471
. R . n=1, 7=1.57
0.2 e T RRnEaL n=1, T=4.71
- . T e — Ee—
02 0 05 -1 . 572 25 3 35 4 45 5
T
06 | = 1=4.71
#
-1
Fig.17. Velocity profile for different » and t for sine oscillation.
1 -
i ———-n=0.5, =314
R ———-n=0.5, T=6.28
i 1=3.14 I
0.6 3@ --------- n=075, =314
= e =075, =628
04 “E =i =
o N n=1, =3.14
02 CEma L n=1, =628

1=6.28

Fig.18. Velocity profile for different #» and t for cosine oscillation.

4.3. For n=1.5

From Eq.(2.15) we have
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4.3.1. CASE (a): For the initial and boundary condition
fM,0)=0, f(0,7)=Sint and f(0,1)=0.
The velocity profile f* with sixth order approximation for ¢, =-0.25 is shown in Fig.19.

It shows that the highest velovcity value is for =8 and the lowest velovcity value is for t=5. The
steadiness comes faster for 1 =6 .

1

--------- =1

06 - -3
__________ =

02 4 o — =5
b S— '_‘_‘;"_—";—“.’;" R e e
o2 0 - P 3 4 L =
Irr_,x"__- - =8

06 - - -
1 .I — — 1=10

Fig.19. Influence of time t© on 6" order approximation of velocity f* for sine oscillation and cy=—0.25.
4.3.2. CASE (b): For the initial and boundary condition
f(m,0)=0, f(0,1)=Cost and f(0,7)=0.

Variation of f'(0,0) and ¢, is given in Fig.20, for 3", 4™ and 5™ order of approximations. It
indicates that the solution (3.14) converges better in the range —0.4<c,<0./in the present case. The
variation of velocity f at various values of 1 is shown in Fig.21 for fifth order of approximation and
¢p=—0.25. For 1=0 is the highest velocity whereas for t=3 the velocity is lowest and steadiness comes
earlier for t=2.
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Fig.20. Variation of f"(0,0) vs ¢, at 3", 4™ and 5™ order of approximation.
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Fig.21. Influence of time t over 5" order approximation of velocity f for ¢y =—0.25 for cosine oscillation.

4.3.3. Wall shear stress for n=1.5

The graphs of the fifth order approximation of t,,, corresponding to the cosine and sine oscillations

of the boundary are shown in Fig.22 at different time intervals for ¢, =—0./. Amplitudes for both
oscillations are similar and have shift of phase which holds for all times.

1.5
j n—0 °

TW(T) = 11070 (

Here m,y, =1 is considered.

o

on
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Fig.22. Variation of 1,, over time for sine and cosine oscillations for several time intervals (a) t<[0,15]
3 over velocity profile is given in Figs 23 and 24 for sine and

2 and n=
cosine oscillations, respectively. Forth order approximation for the velocity at t=1.57, 3.14, 4.71 and 6.28

0,50] (c) T<[0,150].

[

The behaviour for n

(b) T
and ¢y =—0.25 is shown in these figures. The solid line shows the velocity profile for a Newtonian fluid and

4.3.4. Behaviour of shear thickening
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dot and dash lines show the velocity profile for shear thickening fluid behaviour, i.e. for n =2 and n=3,

respectively. The figure explains that there is no shift of phase for shear thinning and shear thickening fluids
while there is phase shift for Newtonian fluids. The steadiness for n =2 comes early with respect to n=3.

1

06 1

n=1, ==1.57
n=1, =2.14
n=1, =471
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n=2, =314
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n=3, =4.71
n=3, =628

Fig.24. Velocity profile for different n and t for cosine oscillation.

4.4. Influence of parameter n over velocity profile for fixed t©

The fourth order approximation of the velocity profile for a fixed t is shown for different .

CASE (a): For principle boundary condition f(0,t)=Sint

Figure 25 illustrates the velocity at t=17.57. It shows that the steadiness of a Newtonian fluid

comes for n=8.5 onwards, while for a shear thinning fluid (n=0.5, n =0.75) the steadiness comes at

n=7.5 and steadiness of a shear thickening fluid (» = /.5 ) came early at n=5. Figure 26 shows velocity at

t=4.71 and denotes the same behaviour as it is shown in Fig.25. Also as the power index n increases, the
velocity profile decrease for a shear thinning fluid. As the viscosity of a shear thickening fluid increases after
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applying shear stress, so velocity will decays to zero earlier for a shear thickening fluid than the shear
thinning fluid for which the viscosity decreases by applying shear stress. As a result, velocity of a shear
thickening fluid decays to zero earlier than for the shear thinning fluid.

1
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1 W
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I i —— )
P L i R— s T ) T
o 2 4 T & 8
i
02 - : Y (e n=0.5
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/
L n=1
06 — —-=-n=15
Fig.25. Effect of n on velocity profile at t= /.57 for sine oscillation.
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Fig.26. Influence of power index » on velocity profile at T = 4.7/ for sine oscillation.

CASE (b): For principle boundary condition f(0,7)=Cost

Figures 27 and 28 shows the variation of fat t=3./4 and t=6.28 respectively. It is shown in
magnified part of figure Fig.27 that there is no shift of phase for non-Newtonian fluids and the steadiness of f
for n=0.75 is delayed than for n=0.5 and n = 1.5 . It is observed from Fig.28 that as the power index n

increases the time required to get steady is also increases it means increase in n reflects the delay the
oscillatory boundary effect. The steadiness of velocity comes earlier for n =0.75 than n=0.5and n=1.5.
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Fig.27. Influence of power index n on velocity profile at T = 3./4 for cosine oscillation.
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Fig.28. Effect of power index n on velocity profile at t=6.28 for cosine oscillation.
4.5. Impact of power index 7 over the wall shear stress T,

Based on the t,, for power index »=0.5,0.75 and n=1.5, the control of n over t,,is shown in

Figs 29 and 30 for sine and cosine oscillation at t=5 and t=3 respectively for ¢, =—0.1.
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Fig.29.Variation between t,, and nat t=35 and ¢y =—0.1 for sine oscillation.
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Fig.30. Variation between t,, and n at 1=3 and ¢, =—0.1 for cosine oscillation.
4.6. Impact of n for fixed M

The variation between forth order approximation of velocity f and time t for fixed N and ¢, for
different » is discussed below:

The impact of n over f for fixed n=17 is shown in Figs 31 and 32 for sine and cosine oscillation,
respectively. ¢, =0.2 and ¢, =—0.25 are taken for sine and cosine oscillation, respectively. Figure 31
explains that velocity has a maximum amplitude at t=1.57 for n=0.75 and a minimum amplitude at
1=4.71 for n=0.5 while Fig.32 shows that velocity has a maximum amplitude at t=0 for n=0.5 and a
minimum amplitude at t=3./4 for n=1.5. It is observed that for sine oscillation the amplitude of velocity
for n=1.5 decays to zero earlier than the shear thinning fluids while for cosine oscillation it decays to zero
later than the shear thinning fluids. Also, it is obvious that as N increases from / onwards the amplitude
respectively decreases. Therefore, the amplitude of the fluid moving due to condition f(0,t)=Sint or

f(0,7)=Cost over the wall decreases as we go away from the wall. Also, the curves become more
disturbed after n=1.
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e
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Fig.31. Variation of 4™ order approximation of velocity f for different nat n=1 and ¢, =0.2 for sine
oscillation.
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Fig.32. Variation of 4™ order approximation of velocity f for different n at n=1 and ¢, = 0.2 for cosine
oscillation.

5. Conclusions

In this paper, we have studied the velocity field corresponding to the flow of a non-Newtonian
Spriggs fluid over a flat plate with oscillatory motion. Homotopy solution for the non-linear problem is
obtained and convergence of the series solution is discussed. The plate was subjected to sine and cosine
oscillations. The governing equations were non-dimensionalised and solved by using HAM. The influence of
transient flow of non-Newtonian Spriggs fluid is greater than that of Newtonian fluid [27]. The impact of
non-Newtonian Spriggs fluid over the time requires reaching the steady state for both sine and cosine
oscillation of plate is appropriately discussed. Velocity decays to zero faster for a non-Newtonian Spriggs
fluid as compared to a Newtonian fluid. Further, oscillations disappear away abruptly for shear thickening
fluids than shear thinning fluids. The analyses of wall shear stress for both oscillations are presented through
graphs for different time intervals. Both oscillations show similar amplitudes but have phase shift. The action
of power index over velocity profile at fixed time is shown. The action of index n on wall shear stress is
explored. At a fixed distance from the wall of the plate, the behaviour of sine and cosine oscillations is
examined in Sec. 4.6 for shear thinning and shear thickening fluids.

Nomenclature

¢y — convergence control parameter
1" —derivative of
f,,  —m™ order deformation derivative
f,,* — solution of m™ order deformation
fy — initial guess
f(m) —non-dimensional velocity
L - auxiliary linear operator

] . .
L —inverse linear operator
N —non-linear operator

n — power index
p — pressure
t —time
U - reference velocity
u — velocity component in x-direction

q — embedding parameter
v —velocity component in y-direction
Y — shear rate
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vy — shear strain rate
7o — reference shear rate
n,t —non-dimensional similarity variables
Ny — dynamic viscosity
p — density of fluid

T, — stress component

t,, — wall shear stress

W
vy - dynamic viscosity
v, - kinematic viscosity
¢ —unknown function

o - frequency of wall velocity
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