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A powerful analytic technique for nonlinear problems, the homotopy analysis method (HAM), is
employed to give analytic solutions of power-law fluids of second grade. For the so-called second-
order power-law fluids, the explicit analytic solutions are given by recursive formulas with constant
coefficients. Also, for the real power-law index in a quite large range an analytic approach is proposed.
It is demonstrated that the approximate solution agrees well with the finite difference solution. This
provides further evidence that the homotopy analysis method is a powerful tool for finding excellent

approximations to nonlinear equations of the power-law fluids of second grade.
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1. Introduction

Power-law fluids are by far the most widely used
model to express non-Newtonian behaviour in fluids.
The model predicts shear thinning and shear thickening
behaviour. However, it has an inadequacy in expressing
normal stress behaviour as observed in the die swelling
and rod climbing behaviour in some non-Newtonian
fluids. Normal stress effects can be expressed in the
second grade fluid model, a special type of Rivlin-
Ericksen fluids, but this model is incapable in repre-
senting shear thinning/thickening behaviour. A fluid
model which exhibits all behaviours is deserved and
Man and Sun [1,2] proposed two models which they
called “the power-law fluid of grade 2” and “modified
second order (grade) fluid”. These models were slight
modifications of a usual second grade fluid. The fol-
lowing power-law fluid of the second grade model is
considered in this work:

T* = —p" T+ ] (AT + A3 + A7), (1)

where T* is the Cauchy stress tensor, p* is the pres-
sure, / is the identity matrix, A} and A3 are the first and
second Rivlin-Ericksen tensors, respectively, i, m, o
and o are material moduli that may be constants or
depend on temperature. For this model, when m = 0,
oy = op = 0, the fluid is Newtonian and hence U rep-

resents the usual viscosity. m = 0 corresponds to the
second grade fluid, oy = op = 0 corresponds to the
power-law fluid. The tensors are defined as

dA*
A =L"+L7, A= —L AL +L7AT,
dr* )
1
H:Etr(ATZ), L=V ",

where v* is the velocity vector. The stars indicate that
the quantities are dimensional. Model (1) satisfies the
principle of material frame indifference.
Modifications of second grade fluids to account
for shear thinning/thickening effects were consid-
ered recently in the literature. Man and Sun [1] first
proposed the modifications. Later Man [2] consid-
ered the unsteady channel flow of a modified sec-
ond grade fluid and existence, uniqueness and asymp-
totic stability of the solutions were exploited. Franchi
and Straughan [3] presented a stability analysis of
the modified model for a special viscosity function
which depends linearly on the temperature. Gupta
and Massoudi [4] investigated the flow of this fluid
with temperature-dependent viscosity between heated
plates. Massoudi and Phuoc [5] studied the flow down
a heated inclined plane. The same authors [6] analyzed
the pipe flow by Reynold’s temperature-dependent vis-
cosity model. Hayat and Khan [7] studied the flow
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of the fluid over a porous flat plate and found so-
lutions using the homotopy analysis method (HAM).
Very recently, a symmetry analysis was presented for
the boundary layer equations of the modified second
grade fluid [8]. Detailed thermodynamic and stability
analyses exist for second grade [9] and third grade [10]
fluids. Dunn and Rajagopal [11] presented a critical
review and thermodynamic analysis for fluids of dif-
ferential type including the models considered here.
Many issues regarding the applicability of such non-
Newtonian models to real fluids, thermodynamic re-
strictions imposed on the constitutive equations and
doubts raised in the previous literature on these models
were addressed in detail.

In this paper, the boundary layer equations for
model (1) are considered. Using a similarity trans-
formation, the equations are reduced to an ordinary
differential system. Numerical solutions of the ordi-
nary differential equations are found using finite dif-
ference techniques. Numerical results are then com-
pared with the approximate analytical results obtained
by the HAM [12]. It is shown that HAM solutions
agree well with the numerical solutions. The HAM
has been applied successfully to many nonlinear prob-
lems in engineering and science, such the generalized
Hirota-Satsuma coupled Korteweg-de Vries (KdV)
equation [13], heat radiation [14], finding solitary-
wave solutions for the fifth-order KdV equation [15],
finding the solutions of the generalized Benjamin-
Bona-Mahony equation [16], finding the root of non-
linear equations [17], finding the solitary-wave solu-
tions for the Fitzhugh-Nagumo equation [18], unsteady
boundary-layer flows over a stretching flat plate [19],
exponentially decaying boundary layers [20], a nonlin-
ear model of combined convective and radiative cool-
ing of a spherical body [21], and many other problems
(see [22—-31], for example).

2. Equations of Motion

Mass conservation and linear momentum equations
are

divv* =0, 3)
d " . * *
P = divT +pb’. )

Inserting (1) and (2) into (3) and (4), neglecting body
forces, and making the usual classical boundary layer
assumptions, one finally has the following boundary
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layer equations:
2y ®
RN TL
+(m+1) (3—;)"1 % +k (g—;;)ml

. @ _azu + az_u_;’_za_ua_u (6)
Moav2\“oxoy Va2 T ox oy

(Y Fu] o P
oy ) axor | "oy Va3

D P
oxdY2 oY oxdY /) |’

4 oxor?

The boundary conditions for the problem are

u(x,0)=0, v(x,0)=0, u(x,00)=U(x),

ou )
a—y(x, 00) =0.

For m = 0, the equations represent the boundary layers
of a standard second grade fluid, and for k; = O the
equations represent the boundary layers of a power-law
fluid. From a scaling symmetry of the equations, the
following similarity variable and functions are derived:

U=x.

Substituting the similarity variables into the boundary
layer equations yields the ordinary differential equa-
tion system

m / ’
f_m——i—zéf +g =0, 9)

2 m 1 /_
S _m—+2‘§ff +gf =
L+ 4+m)f "+ ka1 2m+ D) £

m2
_m—|—2

1 o m ! i
+gf'f _m——mgfff s

where the prime denotes differentiation with respect to
the similarity variable &. The boundary conditions for

2m+1

/3
m+2f

éff//2+mgf//2_2

(10)
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the equations are

8(0) =0,
fleo) =1,

f(0)=0,

(es) =0 "

For simplicity we assume that ' > 0 and k; = 1. Also,
in the rest of the work, we let 0 <m < 1.

3. Analytic Solutions for the Real Power-Law
Index by HAM

For the real power-law index 0 < m < 1, f(£) and
g(&) can be expressed by a set of base functions:

{Erexp(—n&) k>0, n>0} (12)
in the form
+oo
E)=Y fin& exp(—né),
oy (13)
E)=Y gintlexp(—né),
k,n=0

where fi, and g , are coefficients to be determined.
This provides us with the so-called rule of solu-
tion expression. Then, from the above expression and
the boundary conditions (11), it is straightforward to
choose

fo(8) =1—exp(=£),
g0(&) =1—exp(=¢)
as the initial guesses of f(&) and g(&). According

to (13) and the governing equations (9) and (10), we
choose a system of linear operators:

(14)

Lifo(gip) - 252,
3 . .
Lafp(gip) - T - L)

with the properties

L£4[Ci] =0,
L5[Cr+ Czexp(—&) + Caexp(§)] = 0.

We define

m—1=¢,
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where |€| < 1 is a real number. From (9) and (10), we
define a system of nonlinear operators:

Nilg(&:p). w(&:p)] = 9(&:p) — -2 80/ (6:p)

+ V' (&:p), (15)
Nalg(&:p). (&) = 97 (E:p)
—ESE0(E )0 (6:p) +W(E:P)P (i)

{1 (L m) (9/(E:0))7 9/ (6:0)9"(&:p)
+(<P’(¢3;p))€” [2(m+ Do(&:p)9'(E:p)¢" (&:p)

Q&) (0" (i) + my(Eip) (' (Eip))?
2m—+1

) 0'(&:p)+w(&ip)e'(&:p)e"(&:p)
—mLHé:(P(é;p)fp’(é;pﬂp”’(é;p)}},

where the prime denotes differentiation with respect to
the similarity variable &, like in [31].

Using the above definitions, we construct the zero-
order deformation equations

-2

(16)

(1=p)L1[w(&:p)—go(8)]=pluNi[@(&:p), w(E:p)],
(1=p)La[@(&: )~ fo(8)]=phaN2[@(S:p), w(&E: p)],
(17)
subject to the boundary conditions
v(0:p) =0, @(0:p) =0, @(w:p)=1,
99(&:p) (18)
0 le=two
Obviously, when p =0 and p = 1, then
?(8:0)=fo(8), @(&:1)=f(S), (19)
w(8:0) =2g0(S), wl(S:1)=g(5).

Therefore, as the embedding parameter p increases
from 0 to 1, @(&; p) varies from the initial guess fo(&)
to the solution (&), and y(&; p) varies from the initial
guess go(&) to the solution g(&). Expanding ¢@(&;p)
and w(&;p) in a Taylor series with respect to p, one
has

o(&:p) = +an "

v(&:p)= +Zgn "
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where
L 0(Ep)
fn(6) = nl opt ‘p—o’ 20)
1 d"y(&:p)
gn(6) = n op" ’pzo'

If the auxiliary linear operator, the initial guess, and the
auxiliary parameters /i; and /i, are properly chosen, the
above series converge at p = 1, and one has

£E) = HE)+ Y £(E)
n=1

£(E) = 80() + ¥ £(8)
n=1

which must be one of the solutions of the original non-
linear equation, as proved by Liao [12].

Differentiating the zero-order deformation equa-
tions (17) and (19) n times with respect to p and then
dividing them by n! and finally setting p = 0, we have,
due to the definitions (20), the nth-order deformation
equations

1)

L1[8n(8) = xngn—1(8)] = hiR1 1(&), 22)
Lo[fu(E) = Xnfa—1(8)] = MaR2 (),
subject to the boundary conditions
gn(O) =0, fn((z) =0, 23)
fn(+°°) = 07 fn(+°°) = 0»
where
e 1L WNie(&:p), w(&sp)]
Rz,n(é)* (l’l _ 1), apn,1 pf (24)
fori=1,2 and
_ 0, n<l,
n = 1, n>1.

It can be found that
Rin(8) = fimt(§) = ~25 &= 1(8) +81 ()

and

n—1

Roa(@) = Y (R 1(8)

k=0
—léfk@)f’ 1 (©) () fr i1 (&)
Zw

1_Xn anl )
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where
k—1
Zk(é):(1+m)26ﬁ'(¢3)f£'_,-_1(€)
ZZ( (D FE O 1(E)
éf]@) JE(E)
+mg,<a§> L EV 1 (E)
22 O feir (B)
+g,»<é>ﬁ_j<é>f£:i,1<é>
S HEAER(6)
and

k . £
(&)= (aa—pk [a"’gi”’q p) |,

It can be verified that

wo(§) =1,
wi (&) = eln(fp(§)),

w efi(&) 2
2(&) = @+( 21 (&),
§ AE)  PE)
s(6)= 8( RE 27 (é)) 3
2£i6) & Biq
+ & fé(§)1 (fo(€) + 61 (fo(8)),

and so on, where In(f}(§)) = —¢&.
Now, the solution of the nth-order deformation
equations (22) for n > 1 become

¢
gn(é) = Xngn—l(é) +/O Rl,n(é)dé +C1a
fa(&)

where £, (&) is a special solution of (22) and the coeffi-
cients C1, C,, C3 and Cy are determined by the bound-
ary conditions (23).

According to the boundary conditions (23) and the
rule of solution expression (13), we have C; = C4 = 0.
Moreover, the unknowns C, and C3 are governed by

= fu(E) +Cy+ C3e 6 +Cye®,

f0)+C4+C3=0,

FalHo) +Co =
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Fig. 1. Curve of the f function versus &

for m = 0.8; solid curve, 10th-order approxi-
mation by the HAM; dotted curve, numerical
solution.

Fig. 2. Curve of the g function versus &

which can be determined. Recall that f;(+o0) = 0 is
satisfied automatically.

At the Nth-order approximation, the analytic solu-
tions are

N

f&)~ k&)=Y fu(8),
n=0
N

g&)=Gy(&) =) (&)
n=0

The convergence of the solutions also depends on the
choice of the auxiliary parameters /i and 7.

4. Analysis and Results

Liao [12] proved that, as long as a series solution
given by the HAM converges, it must be one of the
exact solutions. So, it is important to ensure that the
solution series (21) are convergent. In this paper, we
seek the solutions with f”/(0) = 0. By this condition,

for m = 0.8; solid curve, 10th-order approxi-
mation by the HAM; dotted curve, numerical
solution.

we can choose the proper values for 7, and 7,. In what
follows, we choose some values for m, and we compare
the HAM results with the finite difference results.

Figures 1 and 2 show the HAM solutions obtained
for m = 0.8. In this case we choose /iy = —0.65957 and
li; = —0.17435 with F];(0) = 8.32667 - 101",

Figures 3 and 4 show the HAM solutions obtained
for m = 0.4. In this case we choose 7; = —0.708756
and fip = —0.20634 with F{j(0) = —1.63064 - 10~ 1©.

Figures 5 and 6 show the HAM solutions obtained
for m = 0.2. In this case we choose /1 = i, = —0.3096
with F{'0(0) = —8.327- 10~ !7. But in this case the nu-
merical solution obtained by finite difference method
is not convergent, and we can not compare the HAM
results.

5. Conclusions

In this paper, the homotopy analysis method (HAM)
is employed to obtain the approximate analytic solu-
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7 R 8 10 for m = 0.4; solid curve, 10th-order approxi-
mation by the HAM; dotted curve, numerical
¢ solution.
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0 5 7 6 s 10 for m = 0.4; solid curve, 10th-order approxi-
mation by the HAM; dotted curve, numerical
¢ solution.
1 F
0.8
0.6
f
0.4
0.2r
ot ' Fig. 5. C f the f functi
0 > 2 5 ) 10 ig. 5. Curve of the f function versus &

for m = 0.2 for the 10th-order approximation
3 by the HAM.
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tions to the boundary layer flow of a power-law fluid
of second grade. Finite difference solutions and HAM
solutions are obtained for different power-law index m
values. A good agreement is observed between the
methods. HAM provides a convenient way to control
the convergence of approximation series, which is a
fundamental qualitative difference in analysis between

[1] C.S.Man and Q. X. Sun, J. Glaciol. 33, 268 (1987).

[2] C.S. Man, Arch. Rational Mech. Anal. 119, 35
(1992).

[3] H.Franchi and B. Straughan, J. Math. Anal. Appl. 180,
122 (1993).

[4] G. Gupta and M. Massoudi, Acta Mech. 99, 21 (1993).

[5] M. Massoudi and T.X. Phuoc, Acta Mech. 150, 23
(2001).

[6] M. Massoudi and T. X. Phuoc, Continuum Mech. Ther-
modyn. 16, 529 (2004).

[7] T. Hayat and M. Khan, Nonlinear Dynam. 42, 395
(2005).

[8] Y. Aksoy, M. Pakdemirli, and C. M. Khalique, Int. J.
Eng. Sci. 45, 829 (2007).

[9] J.E. Dunn and R.L. Fosdick, Arch. Rational Mech.

Anal. 56, 191 (1974).

K.R. Rajagopal and R. L. Fosdick, Proc. R. Soc., Lon-

don, Series A 369, 351 (1980).

[11] J.E.Dunn and K. R. Rajagopal, Int. J. Eng. Sci. 33, 689

(1995).

S.J. Liao, Beyond Perturbation: Introduction to the

Homotopy Analysis Method, Chapman & Hall/CRC

Press, Boca Raton 2003.

S. Abbasbandy, Phys. Lett. A 361, 478 (2007).

S. Abbasbandy, Int. Commun. Heat Mass Transf. 34,

380 (2007).

S. Abbasbandy and F. Samadian Zakaria, Nonlinear

Dynam. 51, 83 (2008).

(10]

[12]

(13]
[14]

[15]

Fig. 6. Curve of the g function versus &
for m = 0.2 for the 10th-order approximation
by the HAM.

10

the HAM and other methods. So, examples show the
flexibility and potential of the HAM for complicated
nonlinear problems in engineering.

Acknowledgements

The authors would like to thank the anonymous ref-
erees for valuable suggestions.

[16] S. Abbasbandy, Z. Angew. Math. Phys. (ZAMP) 59, 51

(2008).

S. Abbasbandy, Y. Tan, and S.J. Liao, Appl. Math.

Comput. 188, 1794 (2007).

S. Abbasbandy, Appl. Math. Model. (in press).

S.J. Liao, Stud. Appl. Math. 117, 239 (2006).

S.J. Liao and E. Magyari, Z. Angew. Math. Phys.

(ZAMP) 57, 777 (2006).

S.J. Liao, J. Su, and A.T. Chwang, Int. J. Heat Mass

Transf. 49, 2437 (2006).

[22] Y. Tan, H. Xu, and S. J. Liao, Chaos, Solitons and Frac-

tals 31, 462 (2007).

S. Abbasbandy and S. J. Liao, Appl. Math. Mech. Engl.

29, 223 (2008).

[24] M. Sajid, A. M. Siddiqui, and T. Hayat, Int. J. Eng. Sci.
45, 381 (2007).

[25] T. Hayat and M. Sajid, Int. J. Eng. Sci. 45, 393 (2007).

[26] M. Sajid, T. Hayat, and S. Asghar, Phys. Lett. A 355,
18 (2006).

[27] Y. Tan and S. Abbasbandy, Commun. Nonlinear Sci.

Numer. Simul. 13, 539 (2008).

S. Abbasbandy, Chem. Eng. J. 136, 144 (2008).

S. Abbasbandy and E.J. Parkes, Chaos, Solitons and

Fractals 36, 581 (2008).

[30] J. Wang, J. K. Chen, and S.J. Liao, J. Comput. Appl.

Math. 212, 320 (2008).

S. J. Liao, J. Fluid Mech. 488, 189 (2003).

(171
(18]
(191
[20]

[21]

[23]

(28]
[29]

(31]



