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Abstract. The flow of a second-grade fluid past a porous plate subject to either suction or blowing at the plate has been studied.
A modified model of second-grade fluid that has shear-dependent viscosity and can predict the normal stress difference is used.
The differential equations governing the flow are solved using homotopy analysis method (HAM). Expressions for the velocity
have been constructed and discussed with the help of graphs. Analysis of the obtained results showed that the flow is appreciably
influenced by the material and normal stress coefficient. Several results of interest are deduced as the particular cases of the
presented analysis.
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1. Introduction

The governing equations that describe the flow of a Newtonian fluid are the Navier—Stokes equations.
There are many fluids (such as polymeric liquids, biological fluids, liquid crystals) that show viscoelastic
behaviour and cannot be described simply as Newtonian fluids. Interest in flows of non-Newtonian
fluids has increased substantially over the past decades because of wide use of these fluids in chemical
process industries, food and construction engineering, in petroleum production, in power engineering
and commercial applications. Moreover, the boundary layer concept of non-Newtonian fluids is of
special importance owing to its application to many engineering problems, among which we cite the
possibility of reducing frictional drag on the hulls of ships and submarines.

Due to the complexity of fluids, many constitutive equations have been proposed. Amongst the many
models that have been used to describe the non-Newtonian behaviour exhibited by certain fluids, the
fluids of differential type have acquired special status. The non-linear response of such fluids constitute
an important area of mathematical modelling. The equation of motion are highly non-linear and finding
analytic solutions is not easy. Although the power-law model [1, 2] is mostly used in engineering but it
cannot capture the normal stress differences or yield stresses. One particular class of differential type
fluids for which one can reasonably hope to derive analytic solutions is class of second-grade fluids.
Also, second-grade fluid model can predict the normal stress effects (which could lead to phenomena
such as ‘die swell’ and ‘rod-climbing’). Dunn and Fosdick [3], Dunn and Rajagopal [4], and Fosdick
and Rajagopal [5] have performed complete thermodynamic analysis of second-grade fluids. Important
theoretical studies of such fluids have been made by Rajagopal [6-8], Hayat et al. [9-12], Benharbit
and Siddiqui [13], Rajagopal and Gupta [14], Bandelli and Rajagopal [15], Bendelli [16], Fetecau and
Zierep [17], and Fetecau et al. [18].

It is worth mentioning that the departure of viscoelastic behaviour of non-Newtonain fluids from the
Navier—Stokes equations manifests itself in a variety of ways: non-Newtonian viscosity (shear thinning
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or shear thickening), stress relaxation, non-linear creeping, development of normal stress differences and
yield stress. The interesting case of non-linearity is the generalized second-grade fluid which results from
a modification of constitutive equation incorporating a shear—rate-dependent viscosity. The generalized
second-grade fluid model is not only capable of predicting normal stress differences but it can also be
used for shear thinning and shear thickening also. Valuable contributions in this direction have been
made by Man [19], Massoudi and Phuoc [20], and Straughan [21, 22]. Gupta and Massoudi [23], and
Franchi and Straughan [24] also examined the second-grade models when viscosity is a function of
temperature.

In this work, we analyse the flow of a generalized second-grade fluid past a porous plate. In the
constitutive equation, the viscosity depends on the shear rate. The layout of the paper is as follows. In
Section 2, the formulation of the problem is given and basic notation is introduced. In Section 3, the
solutions for velocity are given using homotopy analysis method (HAM) [25-35]. Section 4 deals with
the discussion of the results. Finally, conclusions are given in Section 5.

2. Development of the Flow

Let us consider the flow of a generalized second-grade fluid (in the region 0 < y < oo) past a porous
plate at y = 0. The flow far away from the plate is uniform. A coordinate system is chosen in which x-axis
is parallel to the plate and the y-axis perpendicular to the plate. u and v denote the velocity components
in the x- and y-directions, respectively. The incompressible flow is governed by the continuity, linear
momentum:

divV=0. ey
dv
— =divT+pb. 2
T vT+p 2
In previous equations V is the velocity vector, ¢ the time, p the density, b the body force and d/d¢ the

material time derivative.
The Cauchy stress tensor T for generalized second-grade fluid is given by [19]

T = —pl+ pull"?A; + a1 Ay + arA2, 3)

where I is the identity tensor, p the pressure, u the viscosity coefficient, o) and o, the normal stress
coefficients, m the material parameter and

1
= EtrA% @)

is the second invariant of the symmetric part of the velocity gradient. The kinematical tensors A; and
A, are defined through [36]

A=L+LT, ©)
dA
A2=d—t1+A1L+LTA1, (6)
where

L =gradV.
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It is worth mentioning here that power-law fluid has a shear-dependent viscosity but which can exhibit
no normal stress differences. The generalized second-grade fluid, which has been used successfully in
modelling the flow of icy mesh [37], exhibits both shear thinning and normal stress differences.

It should be noted that for m = 0, the model defined by Equation (3) reduces to that considered by
Rajagopal [6-8], Rajagopal and Gupta [14], Hayat et al. [9—-12], and Siddiqui et al. [38]. If ¢; = op = O,
on the other hand, the power-law model [1] is recovered from Equation (3). Moreover, if ¢y = o, =0
and m = 0 we are left with the classical model of Navier and Stokes.

For the problem in question, let us seek velocity field of the following form

V =u)i + v/, (7
where / and ; are the unit vectors in the x- and y-directions. It follows from Equation (1) that
v(y) = —Vy = constant (8)

in which V > 0 is a scale of suction velocity and Vjy < 0 is blowing at the plate.
Using Equations (7) and (8) and employing the same arguments as in Rajagopal and Gupta [14],
Equation (2) in absence of body forces gives

d du|*1""* du du d’u
147 —t+oVo— —a1Vo—— =0. (&)
y dy

dy dy dy3
The boundary conditions are

u(0) = 0,

u— Uy as y— oo. (10)

Since Equation (9) is a third order ordinary differential equation, we thus have one boundary condition
less than that necessary to solve Equation (9). While it is possible to augment the boundary conditions
based on the asymptotic structures for the velocity field or the stress. We thus have

d
0 as y— o0 (11)
dy

as there is no shear in the free stream.

Let us introduce the following non-dimensional parameters

sou =0, Vi=0, u=—. (12)
vV UOO 0 Uoo Mo

Equation (9) and boundary conditions (10) and (11) after dropping asterisks take the following form

. d’u v du . d ([ldul*1""*du 0 1)
aVo— — Vo— — — — — ¢+ =0,

"o T ey M ayay dy

u(0) = 0,

(14)
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where

U2 U2 m+1
o=, =2 (;’0) , (15)
pv pUS \ v

3. Analytic Solutions for Integer Material Parameter (m)

Here, we seek solutions with du/dy > 0, a; > 0 and consider the case that m is a positive integer.
When m = 1, Equation (13) becomes

d*u du du d*u
Vo—rs — Vo— —2ul'i—— =0, 16
“Vors = Vogy — 200 (16)

When m = 2, Equation (13) is

v d?u v du 3 du\>d*u 0 (17
o e — ) — =0,
Ody3 07 uls 4y )
and when m = 3,
v d?u v du AT du\> d*u 0 (18)
o —_— — - — - -V =Y,
()dy3 Ody uls3 dy dyz

in which I'1, T'; and I'; can be taken from Equation (15).
Now to solve the non-linear differential equations (16)—(18) subject to boundary conditions (14), we
apply HAM to give an explicit, uniformly valid and totally analytic solutions.

3.1. THE ZERO-ORDER DEFORMATION EQUATION

Due to the boundary conditions (14) and governing Equation (13), it is straightforward to choose
ug(y) = (1—e ), (19)

as the initial guess of u(y) and

3

9
Lli(y; p)] = (onoa—y3 - V05>ﬂ(y;p) (20)

as the auxiliary linear operator, respectively.
Furthermore, we define using Equation (13) the non-linear operator

3o o N2 M2
NGy )] = a v ua(y; Py, 0a0yip) Mrmg”cu(y,p)) ] 8u(y,p)}' 1)
y ay dy dy ay

Then, we construct the so-called zero-order deformation equation

(1 — p)Lla(y; p) — uo(M)] = ph Na(y; p)l, (22)
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subject to the boundary conditions

u(0; p) = 0,

iu(y;p)—> 1 as y— oo,

_ 23
i(y: p) @9
——— 0 as y— oo,

dy
where p is an embedding parameter and 7 is a non-zero auxiliary parameter.
When p = 0, the solution of Equations (22) and (23) is
u(y;0) = uo(y). (24)
When p = 1, Equations (22) and (23) are equivalent to Equations (13) and (14), provided
u(y; 1) = u(y). (25)

Thus, as p increases from O to 1, i#(y; p) varies from the initial approximation u((y) to the exact solution
u(y) governed by Equations (13) and (14). Note that we have great freedom to choose the auxiliary
parameter 7 . Assume that /i is properly chosen so that the zero-order deformation equations (22) and
(23) have solutions for all p € [0, 1] and thus the term

1 9 a(y;
u(y) = ~ LEOP)

, 26
kI apt (26)

p=0

exists for k > 1. Then, by Taylor’s theorem and using Equation (24), we can expand i(y; p) in power
series of p as follows

+o0
i(y; p) = uo(y) + Y _ ur(y)p*. 27
k=1

Furthermore, assuming that 7 is so properly chosen that the power series (27) is convergent at p = 1,
we have from Equation (25) the solution series

+00
u(y) = uo(y) + Y u(y). (28)
k=1

3.2. THE HIGH-ORDER DEFORMATION EQUATION

For brevity, define the vectors

we = {uo(y), ur(y), ua(y), - .., ux(y)}. (29)

Differentiating the zero-order deformation equations (22) and (23) k times with respect to p and then
dividing them by k! and finally setting p = 0, we have the high-order deformation equation

Llug(y) = 1] = AiRp(w—y), k=1 (30)
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subject to the boundary conditions

ur(0) = 0,
ur,— 0 as y — oo,
du 31
— =0 as y— oo,
dy
in which
1 "' Nla(y; p)]
Ri(u—y) = = .
k—D!  9p p=0
(32)
1, k>1,
=0, k=1.
Note that R (ux—1) is dependent on the integer material parameter m. When m = 1, we have
k—1
Rk(uk,l) = OlVou;{/Ll — V()I/t;<71 — 2,LLF1 Z u}ﬁlf”ux, (33)
n=0
whenm =2
k—1 n
Ri(ug—y) = aVou | — Voup_; —3uls Z Ui q_n Z u,_u, (34)
n=0 i=0
whenm =3
k—1 n i
Ri(ug—y) = aVou | — Vou;_, —4uls Z 7. Z u,_; Z wi_u', (35)
n=0 i=0 j=0

where primes denote the derivative with respect to y.

3.3. SOLUTION EXPRESSIONS WHEN m IS POSITIVE INTEGER

Now, it is easy to solve the linear kth-order deformation equations (30) subject to boundary conditions
(31). Solving Equation (30) subject to boundary conditions (31) upto third-order of approximations,

we obtain the four-term solution consisting of equation (13) and boundary conditions (14). Hence, the
four-term solution of Equations (13) and (14) can be expressed as

u(y) = uo(y) + u1(y) + ua(y) + uz(y), (36)

where uo(y) is given by Equation (19) and when m = 1

fi I
ui(y)= (1—e v)e &, 37

v

[6aVo(l +5) = hipuTi(1 =3¢ )] (1—e i )e . (38)

us(y) =
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fipTie % [ 26R2T2u2(1 — e ¥ ) — 45k ul'y {fi uTy — 2(1 + ) Voer (1 — e %)
u3(y):W 21722 22,2 v AYR
o Vg +10{9(1 + n)*Vga? — 125 (1 + B )Voaul'y 4+ 28° T2} (1 — e %)
(39)
Form =2
hul'y S AN
ul(y)z m(l — € «/E‘)e «/E’ (40)
Al 32 2 _,
uz(y)=64a3voz[8a Vol +h)+3hpe v](1—e va)e 7, (41)
351A202p2(1 — ¢ V& ) + 576 2Top?(1 — ¢ )
L | —2108203 4 2m)p(1 - e )
(= b 2 % “2)
10 = Soggoayy |+ 125 + 16T2)ua® Vo (1 — e ) b
— 2107 w{8(1 + A )(1 + Tp)a*/? Vo — T3} (1 — e o)
| 1 4480(1 + )P V(1 — e ) |

and when m = 3

ﬁ,LLF3 VA
- | —e %)e T, 43
)= fy (1= ¢ F)e 43)
hul's ) _ EREN
uz(y)zm[lsa Vol +h) +huls(145¢ v )|(1 —e *)e V7, (44)
o | 1180A2022 (1 — e ) + 1657 w3 {(30(1 + e Vo
()= JiTe i 1 — e ) +33{225(1 + i 2a* V2 45)
u A — _ _ & .
)= 113750877 Th ul'3}(1 — e ¥e) 4 33{225(1 + 71 )*a* V5

1205 (14 ) VouT's + 2 T3 (1 = ¢ )

4. Discussion of Results

In this section, we present various results obtained from the flow analysed in this investigation. The
velocity profiles are plotted in Figures 1-6 for various values of the normal stress coefficient o and
porosity parameter Vj, for the three cases when m = 1,2 and 3. Figures 1 and 2 are prepared when
m = 1, Figures 3 and 4 for m = 2 and Figures 5 and 6 for m = 3.

The flow dependence of a generalized second-grade fluid on the normal stress coefficient & can be
clearly seen from Figures 1, 3 and 5 for the three cases. From these figures, it is noted that the flow is
strongly influenced by «. It is found that with the increase in « the boundary layer thickness increases
near the plate, while the velocity decreases for both suction and blowing.

In order to illustrate the effect of suction and blowing, for fixed values of other parameters, Figures
2, 4 and 6 are plotted. It is seen that an increase in suction results in a decrease in boundary layer
thickness. This is in keeping with the expected fact that suction causes reduction in the boundary layer
thickness. For the case of blowing, it is well known that in the case of Newtonian fluids, there is no
solution to the Navier—Stokes equations for blowing. However, a solution to the equations of motion in
the case of fluid injected into the domain is possible in the case of non-Newtonian fluids and the results
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(a) Suction (Vo =0.5) (b) Blowing (Vo =—-0.5)
1 = 1

0.8 0.8

0.6 0.6
3 3
0.4 0.4
0.2 ez é 0.2 ¢ ;5
- a =4 - =4
a =10 a = 10|
10 12 14 8 10 12 14
y
Figure 1. Profiles of velocity u(y) for various values of normal stress coefficient « for fixed# = —0.5, u =1and 'y = 1.
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y 34

Figure 2. Profiles of velocity u(y) for various values of suction (panel a) and blowing (panel b) for fixed# = —0.5, 0 =1,I'; =1
ando = 1.

(a) Suction (Vo =0.5) (b) Blowing (Vo= —0.5)
1 e . 1 ——————
08 08
0.6 06
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8 10 12 14 8 10 12 14
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Figure 3. Profiles of velocity u(y) for various values of normal stress coefficient « for fixed i = —0.5, 0 = land I'; = 1.5.

established here are in keeping with the results of Rajagopal and Gupat [14]. As expected, the blowing
causes thickening of the boundary layer and this boundary layer thickness is greater when compared to
the case of suction.

It is further seen that the velocities in the three cases of m have no much difference through the
variation of «. However, if we take the variation of V|, then the velocities are sensitive for the different
values of m which shows the shear-thickening effects of the examined non-Newtonian fluid. Thus, a
generalized second-grade fluid exhibits the shear-thinning and shear-thickening effects for m < 0 and
m > 0, respectively.
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1 1
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Figure 4. Profiles of velocity u(y) for various values of suction (panel a) and blowing (panel b) for fixed7i = —0.5, u =1,T, =
1.5and o = 1.
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Figure 5. Profiles of velocity u(y) for various values of normal stress coefficient « for fixed i = —0.5, u = 1 and I'z; = 1.8.
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Figure 6. Profiles of velocity u(y) for various values of suction (panel a) and blowing (panel b) for fixed# = —0.5, u =1,I'3 =
l.8and o = 1.

5. Concluding Remarks

In this paper, HAM is employed to give analytic solutions of a generalized second-grade fluid past a
porous plate. For material parameter m = 1, 2 and 3 the explicit analytic solutions are given, which can
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be treated as the definition of the solution of the non-linear differential equations (16)—(18). From the
presented analysis, we have the following points:

The considered model of generalized second-grade fluids exhibits both shear-thinning and shear-
thickening properties.

Increase in the normal stress coefficient leads to an increase in the boundary layer thickness.
Increasing the values of the suction velocity provides decrease in the boundary layer thickness.
The increase in injection velocity increases the boundary layer thickness.

The velocity profiles are not much sensitive to variations in « for various values of m.

The convergence of the HAM solution series is dependent on the auxiliary (artificial) parameter /i
[32]. In most cases, one can find a proper value of /i to ensure the convergence of the solution series,
even if the corresponding physical quantity is large. It is noted from the presented analysis that the
closer the value of /i to zero from left (i.e. —2 < & < 0), the convergence region enlarges.

Acknowledgements

The authors would like to thank the referees for their comments for improvement of the paper. The
authors are also grateful to Quaid-i-Azam University, Islamabad, for URF.

References

o]

10.

11.

12.

13.

14.

15.
16.

17.

18.

. Bird, R. B., Armstrong, R. C., and Hassager, J., Dynamics of Polymeric Liquids, Vol. 1, Wiley, New York, 1977.
. Slattery, J. C., Advanced Transport Phenomena, Cambridge University Press, New York, 1999.
. Dunn, J. E. and Fosdick, R. L., “Thermodynamics stability, and boundedness of fluids of complexity 2 and fluids of second

grade’, Arch. Rat. Mech. Anal. 56, 1974, 191-252.

. Dunn, J. E. and Rajagopal, K. R., ‘Fluids of differential type: Critical review and thermodynamic analysis’, Int. J. Eng. Sci.

33, 1995, 689-729.

. Fosdick, R. L. and Rajagopal, K. R., ‘Anomalous features in the model of second order fluids’, Arch. Rat. Mech. Anal. 70,

1979, 145-152.

. Rajagopal, K. R., ‘A note on unsteady unidirectional flows of a non-Newtonian fluid’, Int. J. Non-Linear Mech. 17, 1982,

369-373.

. Rajagopal, K. R., ‘On the creeping flow of the second grade fluid’, J. Non-Newtonian Fluid Mech. 15, 1984, 239-246.
. Rajagopal, K. R., ‘Longitudinal and torsional oscillations of a rod in a non-Newtonian fluid’, Acta Mech. 49, 1983, 282-285.
. Hayat, T., Asghar, S., and Siddiqui, A. M., ‘On the moment of a plane disk in a non-Newtonian fluid’, Acta Mech. 136, 1999,

125-131.

Hayat, T., Asghar, S., and Siddiqui, A. M., ‘Periodic unsteady flows of a non-Newtonian fluid’, Acta Mech. 131, 1998,
169-175.

Hayat, T., Asghar, S., and Siddiqui, A. M., ‘Some unsteady unidirectional flows of a non-Newtonian fluid’, Int. J. Eng. Sci.
38, 2000, 337-346.

Hayat, T., Khan, M., Siddiqui, A. M., and Asghar, S., ‘Transient flows of a second grade fluid’, Int. J. Non-Linear Mech. 39,
2004, 1621-1633.

Benharbit, A. M. and Siddiqui, A. M., ‘Certain solutions of the equations of the planar motion of a second grade fluid for
steady and unsteady cases’, Acta Mech. 94, 1992, 85-96.

Rajagopal, K. R. and Gupta, A. S., ‘An exact solution for the flow of a non-Newtonian fluid past an infinite plate’, Meccanica
19, 1984, 158-160.

Bandelli, R. and Rajagopal, K. R., ‘On the falling of objects in non-Newtonian fluids’, Ann. Ferrara 39, 1996, 1-18.
Bandelli, R., ‘Unsteady unidirectional flows of second grade fluids in domains with heated boundaries’, Int. J. Non-Linear
Mech. 30, 1995, 263-269.

Fetecau, C. and Zierep, J., ‘On a class of exact solutions of the equations of motion of a second grade fluid’, Acta Mech. 150,
2001, 135-138.

Fetecau, C., Fetecau, C., and Zierep, J., ‘Decay of a potential vortex and propagation of a heat wave in second grade fluid’,
Int. J. Non-Linear Mech. 37, 2002, 1051-1056.



19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.
36.
37.

38.

Homotopy Solutions for a Generalized Second-Grade Fluid Past a Porous Plate 405

Man, C. S., ‘Nonsteady channel flow of ice as a modified second grade fluid with power law viscosity’, Arch. Rat. Mech.
Anal. 119, 1992, 35-57.

Massoudi, M. and Phuoc, T. X., ‘Fully developed flow of a modified second grade fluid with temperature dependent viscosity’,
Acta Mech. 150, 2001, 23-37.

Straughan, B., ‘Energy stability in the Benard problem for a fluid of second grade’, J. Appl. Math. Phys. (ZAMP) 34, 1983,
502-508.

Straughan, B., The Energy Method, Stability and Nonlinear Convection, Springer, New York, 1992.

Gupta, G. and Massoudi, M., ‘Flow of a generalized second grade fluid between heated plates’, Acta Mech. 99, 1993, 21-33.
Franchi, H. and Straughan, B., ‘Stability and nonexistence results in the generalized theory of a fluid of second grade’, J.
Math. Anal. Appl. 180, 1993, 122-137.

Liao, S. J., “The Proposed Homotopy Analysis Technique for the Solution of Nonlinear Problems’, Ph.D. Thesis, Shanghai
Jiao Tong University, 1992.

Liao, S. J. and Campo, A., ‘Analytic solutions of the temperature distribution in Blasius viscous flow problems’, J. Fluid
Mech. 453, 2002, 411-425.

Liao, S. J., ‘On the analytic solution of magnetohydrodynamic flows of non-Newtonian fluids over a stretching sheet’, J.
Fluid Mech. 488, 2003, 189-212.

Liao, S.J., ‘An analytic approximate technique for free oscillations of positively damped systems with algebraically decaying
amplitude’, Int. J. Non-Linear Mech. 38, 2003, 1173-1183.

Liao, S. J. and Pop, L., ‘Explicit analytic solution for similarity boundary layer equations’, Int. J. Heat Mass Trans. 47, 2004,
75-85.

Ayub, M., Rasheed, A., and Hayat, T., ‘Exact flow of a third grade fluid past a porous plate using homotopy analysis method’,
Int. J. Eng. Sci. 41,2003, 2091-2103.

Hayat, T., Khan, M., and Ayub, M., ‘On the explicit analytic solutions of an Oldroyd 6-constant fluid’, Int. J. Eng. Sci. 42,
2004, 123-135.

Liao, S. J., Beyond Perturbation: Introduction to Homotopy Analysis Method, Chapman & Hall/CRC Press, Boca Raton, FL,
2003.

Liao, S. J., ‘On the homotopy analysis method for nonlinear problems’, Appl. Math. Comput. 147, 2004, 499-513.

Liao, S. J. and Cheung, K. F., ‘Homotopy analysis of nonlinear progressive waves in deep water’, J. Eng. Math. 45, 2003,
105-116.

Hayat, T., Khan, M., and Asghar, S., ‘Homotopy analysis of MHD flows of an Oldroyd 8-constant fluid’, Acta Mech. 168,
2004, 213-232.

Rivilin, R. S. and Ericksen, J. L., ‘Stress deformation relations for isotropic materials’, J. Rat. Mech. Anal. 4, 1955, 323-425.
Man, C. S., Shields, D. H., Kjartanson, B., and Sun, Q., ‘Creeping of ice as a fluid of complexity 2: The pressuremeter
problem’, in Proceedings 10th Canadian Congress on Applied Mechanics, Vol. 1, H. Rasmussen (ed.), Univ. W. Ontario,
London, Ontario, 1985.

Siddiqui, A. M., Hayat, T., and Asghar, S., ‘Periodic flows of a non-Newtonian fluid between two parallel plates’, Int. J.
Non-Linear Mech. 34, 1999, 895-899.



