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Abstract

Purpose — The purpose of this paper is to discuss the natural convection flow of an incompressible
third grade fluid between two parallel plates. The basic equations governing the flow are reduced to a
nonlinear ordinary differential equation.

Design/methodology/approach — The resulting nonlinear ordinary differential equation is solved
by multi-step differential transform method (MDTM).

Findings — The obtained solutions in comparison with the numerical solutions (fourth-order
Runge-Kutta) admit a remarkable accuracy.

Originality/value — The analysis illustrates the validity and the great potential of the MDTM in
solving nonlinear differential equations.

Keywords Differential equations, Convection, Fluids, Flow, Natural convection, Non-Newtonian fluid,
Multi-step differential transform method
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Nomenclature
E = Eckert number B = material coefficient
i = unit vector in the direction of x ) = dimensionless non-Newtonian
Pr = Prandtl number coefficient
Emerald T = absolute temperature n = similarity parameter
Uy = reference velocity “ = coefficient of viscosity
v(n) = velocity function v = kinematic viscosity
International Journal of Numerical @ = thermal diffusivity 6(n) = temperature function
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1. Introduction

The study of nonlinear ordinary/partial differential equations is quite popular area of
research now days. Such equations arise in various physical problems of engineering.
The importance of obtaining the exact or approximate solutions of nonlinear partial
differential equations in physics and mathematics is still challenging that needs new
methods for exact or approximate solutions. All of nonlinear equations do not have a
precise analytic solution and hence numerical methods have largely been used to handle
such equations. There are also some analytical techniques for nonlinear equations. Some
of the classic analytical methods are the Lyapunov’s artificial small parameter method
(Lyapunov, 1990), perturbation techniques (He, 1999) and &-expansion method
(Karmishin ef al, 1990). In the recent years, many authors mainly had paid attention
to study solutions of nonlinear partial differential equations by using various methods.
Among these are the Adomian decomposition method (ADM), tanh method, homotopy
perturbation method (HPM), sinh-cosh method, homotopy analysis method (HAM)
(Rashidi and Dinarvand, 2009; Rashidi et al., 2011; Ellahi, 2009), differential transform
method (DTM) (Rashidi and Keimanesh, 2010; Rashidi ef al., 2010; Rashidi, 2009) and
variational iteration method (VIM) (He, 1997; Rashidi and Shahmohamadi, 2009).

The motivation of this paper is therefore to use the reliable algorithm of the DTM,
namely MDTM (Odibat et al., 2010) to construct analytical approximate solutions of the
natural convection flow of a third grade between two parallel plates.

Recently considerable attention has been directed towards the study of non-Newtonian
fluids because of their practical importance in engineering and industry. The classical
Navier-Stokes equations have been proved inadequate to describe and capture the
characteristics of complex rheological fluids as well as polymer solutions (Dunn and
Rajagopal, 1995). These kinds of fluids are generally known as non-Newtonian fluids.
Most of the biological and industrial fluids are non-Newtonian in nature. Few examples of
such fluids are blood at low shear rate, tomato ketchup, honey, mud, plastics and polymer
solutions. The inadequacy of the classical theories to describe these complex fluids has
led to the development of different new models to study non-Newtonian fluids. There
are different models which have been proposed to describe the non-Newtonian flow
behavior. Among these, the fluids of differential type (Dunn and Rajagopal, 1995;
Truesdell and Noll, 2004) have received considerable attention. The third grade fluid
considered in this study is a subclass of differential type fluids which can describe
the shear thinning/shear thickening effects. Ellahi and Riaz (2010) analyzed the
influence of magnetohydrodynamics (MHD) on the pipe flow of a third-grade fluid with
variable viscosity. The influence of variable viscosity and viscous dissipation on the
non-Newtonian flow in a porous medium employing modified Darcy’s law is discussed by
Hayat et al. (2007) and Ellahi and Afzal (2009). Okoya considered the flow of a third grade
fluid (with exponential viscosity) between the parallel plates under the action of externally
imposed pressure gradient (Okoya, 2011). Yiirtsoy et al. (2008) considered the steady-state
flow of a third grade fluid between concentric circular cylinders. They examined entropy
generation due to fluid friction and heat transfer in the annular pipe. Pakdemirli and
Yilbas (2006) considered flow of third grade fluid in a pipe. Ayub ef al. (2003) considered
the flow of third grade fluid past a porous plate. The thermal transition in reactive flow of a
third-grade fluid with viscous heating and chemical reaction between two horizontal flat
plates is examined by Okoya (2008). Akyildiz et al. 2004 developed exact solutions for
nonlinear differential equations of third grade fluid. Thermal stability of reactive third
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grade fluid in a cylindrical pipe is analyzed by Makinde (2007). Sahoo (2009) examined
Hiemenz flow of a third grade fluid in the presence of heat transfer. Fundamental Stokes
first problem for third grade fluid in a porous space is studied by Hayat et al. (2008). The
authors introduced the modified Darcy’s law for third grade fluid in this work. Abelman
et al. (2008) discussed the rotating flow of third grade fluid in a porous space. Exact
solution for flow of third grade fluid over a porous wall is established by Hayat et al. (2003).

2. Basic concepts of the DTM
Transformation of the kth derivative of a function in one variable is as follows
(Abdel-Halim Hassan, 2008):

1 [dv @

F(k) — E [ dtk j|t:t07 (1)
and the inverse transformation is defined by:

fty=">_Flt — to)". )

=0

From equations (1) and (2), we get:

_ = (=)t d

fly = k; 2 @l 3)

=ty

which implies that the concept of DTM is resulting from Taylor series expansion,
but the method does not calculate the derivatives representatively. However,
relative derivatives are calculated by an iterative method which is described by
the transformed equations of the original function. [For implementation purposes, the
function £{?) is expressed by a finite series and equation (2) can be written as:

)= Fkyt — to). 4)

k=0

where F(k) is the differential transform of f(z).
The following theorems that can be deduced from equations (21) and (22) are given
below:

Theorem 1. If f(t) = u(t) £ v(t), then F(k) = U(k) = V (k).

Theorem 2. If f(t) = Au(t), then F(k) = AU(k), where A is a constant.
Theorem 3. If f(t) = d"u(t)/dt", then F(k) = ((k + n)!/E)U(k + n).
Theorem 4. If () = u(ty(?), then F(k) = S, U)V(k — 7).
Theorem 5. If f(¢) = (du(t)/dt)(du(t)/dt), then

Fey=Y_oor + )k — 7+ DU@ + DUk — 7 +1).

Theorem 6. If f(¢) = (du(t)/dt)(dv(t)/dt), then

Fy =YYy + 1)k —r + DU+ HV(k — 7 + 1),
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Theorem 7. If f(t) = u(t)(dv(t)/dt), then
Fly = YF ok —r+ DUNV(E—7+1).

3. Basic concepts of the MDTM
When the DTM is used for solving differential equations with the boundary conditions
at infinity or problems that have highly nonlinear behavior, the obtained results were
incorrect (when the boundary-layer variable goes to infinity, the obtained series
solutions are divergent). Besides that, power series are not useful for large values of
independent variable.

To overcome the shortcoming, the MDTM is presented in this section that has
developed for the analytical solution of differential equations. For this purpose, the
following nonlinear initial value problem is considered:

ult,fof's . fP) =0, ®)
subject to the initial conditions f®(0) = ¢;, for £ =0,1,...,p — 1.
Let [0, T'] be the interval over which we want to find the solution of the initial value
problem (5). In actual applications of the DTM, the approximate solution of the initial
value problem (5) can be expressed by the finite series:

N
Fty=">aut —toy" t€10,TI. (6)
n=0

The multi-step approach introduces a new idea for constructing the approximate
solution. Assume that the interval [0, 7] is divided into M subintervals
[m—1,tml,m=1,2, ... .M of equal step size h=T/M by using the nodes
t,w = mh. The main idea of the MDTM is as follows. First, we apply the DTM to
equation (5) over the interval [0, #;] and obtain the following approximate solution:

K
filty="> ant — )" tE[0,4], (7)
n=0

with the initial conditions f(lk)(O) = ¢. For m = 2 and at each subinterval [¢,,-1, t,,]
we will use the initial conditions fﬁﬁ)(tm_l) = fg;), 1(ty—1) and apply the DTM to

equation (5) over the interval [f,,-1, 1,1, where %, in equation (1) is replaced by #,,—1.
The process is repeated and generates a sequence of approximate solutions
Ffm),m=1,2, ..., M, for the solution f(¢):

K
S = Zamn(t —tw-1)", tE [tw twnl, ®)

n=0

where N = K- M. In fact, the MDTM assumes the following solution:

1), te€0,4]

fZ(t), e [tla tZ]
f=1" ©

fu@®, tE Ity tul
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The new algorithm, MDTM, is simple for computational performance for all values of
h. It is easily observed that 72 = T, if the step size then the MDTM reduces to the
classical DTM. As we will see in the next section, the main advantage of the new
algorithm is that the obtained series solution converges for wide time regions and can
approximate non-chaotic or chaotic solutions.

4. Mathematical formulation
The structure of the fully developed steady-state flow of an incompressible liquid of
grade 3 confined between two parallel plates is studied in this paper. The velocity for

‘unidirectional flow is:
V= u(yi, (10)
The

equations motion and energy give (Rajagopal and Na, 1985):

&u a=m
__ — .7
&2 ( @ ¥ en @

-'@( @) )=% (42

where continuity equations is identically satisfied and the consumption of the
combustible material and the effect of radiant heating are neglected. The dimensionless
variables are defined as:

i vy o vl ooy
o o h

where ¢is the specific heat of the fluid: The non-dimensional form of equations (11) and

(12) are:
@ (e ) wsmo a

PR Y, B

With the following boundary conditions:
a-D=0, a-D=,, 6)
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5. Analytical solutions by MDTM
Employing the MDTM to equations (11) and (12) gives the following recursive relation
in each sub-domain (¢;,¢,,1), =0,1, ...,N — 1.
k1
(k+ Dk +2V(k+2)+68> > Vo1 + DV —r+DV(k—ra+2) as)
7’2:0 st =0
X1+ Do —r+ Dk —rs+ 1)k — 7y + 2) + O(k),
y
A
g
> x
o
Figure 1.

Schematic diagram
of the problem under

¢ i consideration
2b
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k
(kR + 1)k + 20 + 2) +E~Prz Vo+DVEE—r+Dr+Dk—7r+1)
r=0
k 73 7o
+28E-Pry > Y Vi+ DV —rn+DVs —ra+ DV —r3+1)
1’3:() 79=0 1’120

X1+ Do —r+D(rg —rg+ Dk — 173+ 1),
19)
where V(k) and O(k) are the differential transforms of v(n) and 6(n).

The differential transform of the boundary conditions (16) and (17) are
as follows:

L

V0)=0, 00 = 5 (20)
i i

; V)2t =0, ; Ok)2F = — % D)

We can consider the following boundary conditions (equations (16) and (17)):
v(=1) =0, 6-1) = %, (22)
V(- =a, 6@(-1)=28. (23)

The differential transform of the above conditions are given by:

V(0)=0, 00 = %, (24)
V) =ea, O@01) =8 (25)

Moreover, substituting equations (24) and (25) into equations (18) and (19) and by
recursive method we can calculating other values of V(k) and ©(k). Hence, substituting
all V(k) and O(k), into equation (4), we have series solutions. By using boundary
condition »(1) = 0 and 6(1) = —(1/2), we can obtain «, .

For analytical solution, the convergence analysis is performed and in equation (4),
the 7 value is selected equal to 20. We set interval equal to 0.1.

6. Results and discussion

Our main concern is to determine solutions of velocity and temperature profiles,
v(m), 6(n), by the DTM, MDTM and numerical method using the fourth-order
Runge-Kutta. These quantities describe the flow behavior.

Figures 1 and 2 show the accuracy of the MDTM solution in comparison to the DTM
and numerical solution when Pr = 1, § = 1 and various values of E, for v(n) and 6(n),
respectively. It is observed that v(n) and 6(m), are increased when Eckert number
E, increases. The effects of Prandtl number on v(n) and 6(n) are shown in Figures 3
and 4. It is clear that as Prandtl number increases, the v(n) and 6(mn) increase.
Variation of v(n) and 6(n), with respect to & is presented in Figures 5 and 6.



6 (n)

0.04

0.02

by
*® e [
Tt o L
= o’ "
oy
™
v
Lo o
A\

NUM, E=10
DTM,E=10

Flow of a non-
Newtonian fluid

443

Figure 2.

Variation of velocity
profile v(n) with

respect to E,

when Pr =1 and 6 =1
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Variation of temperature
profile 6(n) with

respect to £,

when Pr =1 and §=1
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It is observed that increasing parameter 6 causes a decrease in v(n) but it has not
significant effect on 6(n).

In order to verify the efficiency of the proposed method in comparison with the
DTM and numerical solution, a comparison is presented in Tables I and II for different
values of parameter 8.

7. Conclusion

In the present study, a reliable algorithm based on the DTM is presented to solve some
nonlinear equations. The present method reduces the computational difficulties of the
other methods (same as the HAM, VIM, ADM and HPM).

The results for v(n) and 6(n), in Tables I and II illustrated the validity and
accuracy of this procedure. Note that the MDTM is easier to calculate than the
other methods because in the MDTM we have an iterative procedure which does
not need to solve any differential or integral equations. In the other methods we
must in each iterate solve differential equations or integrate the equations
(Figure 7).
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Figure 6.

Variation of velocity
profile v(n) with
respect to 8, when
E=1and Pr=1
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Figure 7.

Variation of temperature
profile 6(n) with
respect to 6,

when £=1 and Pr =1.
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