Hindawi Publishing Corporation
Mathematical Problems in Engineering
Volume 2011, Article ID 489217, 19 pages
doi:10.1155/2011 /489217

Research Article

On New Numerical Techniques for the MHD
Flow Past a Shrinking Sheet with Heat and Mass
Transfer in the Presence of a Chemical Reaction

Z. G. Makukula,' P. Sibanda,* S. S. Motsa,* and S. Shateyi?

1 School of Mathematical Sciences, University of KwaZulu-Natal, Private Bag X01, Scottsville,
Pietermaritzburg 3209, South Africa

2 Department of Mathematics and Applied Mathematics, University of Venda, Private Bag X5050,
Thohoyandou 0950, South Africa

Correspondence should be addressed to S. Shateyi, stanford.shateyi@univen.ac.za
Received 29 July 2011; Revised 22 August 2011; Accepted 23 August 2011
Academic Editor: Oleg V. Gendelman

Copyright © 2011 Z. G. Makukula et al. This is an open access article distributed under the
Creative Commons Attribution License, which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.

We use recent innovative solution techniques to investigate the problem of MHD viscous flow due
to a shrinking sheet with a chemical reaction. A comparison is made of the convergence rates,
ease of use, and expensiveness (the number of iterations required to give convergent results)
of three seminumerical techniques in solving systems of nonlinear boundary value problems.
The results were validated using a multistep, multimethod approach comprising the use of the
shooting method, the Matlab bvp4c numerical routine, and with results in the literature.

1. Introduction

Boundary layer flow over a stretching surface occurs in several engineering processes such
as hot rolling, wire drawing, and glass-fibre production. Materials that are manufactured by
extrusion processes and heat-treated substances proceeding between a feed roll and a wind-
up roll can be classified as a continuously stretching surface [1-3]. A shrinking film is useful
in the packaging of bulk products since it can be unwrapped easily with adequate heat [4-7].
Shrinking problems can also be applied to the study of capillary effects in small pores and
the hydraulic properties of agricultural clay soils [8]. Studies of flow due to a shrinking sheet
with heat transfer and/or mass transfer have been considered by, among others, [7, 9].

In recent years, several analytical or semianalytical methods have been proposed
and used to find solutions to most nonlinear equations. These methods include the
Adomian decomposition method (ADM) [10, 11], differential transform method (DTM) [12],
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variational iteration method (VIM) [13], homotopy analysis method (HAM) [14-17], and
Homotopy perturbation method (HPM) [18-23].

Motsa and Shateyi [24] obtained a numerical solution of magnetohydrodynamic
(MHD) and rotating flow over a porous shrinking sheet by the new approach known as
spectral homotopy analysis method (SHAM). Muhaimin et al. [5] studied magnetohydrody-
namic viscous flow due to a shrinking sheet in the presence of suction. The study found out
that the shrinking of the sheet has a substantial effect on the flow field and, thus, on the heat
and mass transfer rate from the sheet to the fluid.

In this paper we provide a qualitative assessment of key features of three recent
seminumerical techniques, namely, the successive linearisation method (SLM), the spectral-
homotopy analysis method (SHAM), and the improved spectral-homotopy analysis method
(ISHAM). The two methods were introduced and used by Motsa and his coworkers (see
Motsa et al. [25, 26] and Makukula et al. [27-30]) to solve nonlinear boundary value
problems. In Motsa et al. [25, 26, 29] the SHAM approach was tested on simple one-
dimensional nonlinear boundary value problems. Later, Makukula et al. [28, 30, 31] extended
the application of the SHAM to a system of two coupled nonlinear equations that model
the von Karmén fluid flow problem. The SLM method was applied on one-dimensional
nonlinear differential equations in Makukula et al. [27]. In this study we solve the nonlinear
equations that govern the shrinking sheet problem for purposes of evaluating the efficiency
of each method with regards to speed of convergence, ease of use, and expensiveness
(in terms of the number of iterations required to give convergent results). We introduce
the ISHAM as a method that is meant to improve the accuracy of the standard SHAM
approach. The governing equations for the problem are a rather formidable system of three
nonlinear differential equations in three unknowns. Parametric study of the effect of different
parameters is made and the results compared with previous findings in the literature (see
Noor et al. [6], Mohd and Hashim [7], and Muhaimin et al. [5]). The solutions are further
compared with results obtained using the shooting method and the bvp4c solver, which is
based on Runge-Kutta fourth-order schemes.

2. Mathematical Formulation

We investigate the effect of chemical reaction, heat and mass transfer on nonlinear MHD
boundary layer past a porous shrinking sheet with suction. The governing boundary layer
equations of momentum, energy, and mass diffusion in terms of the velocity components u,
v, and w are (see Muhaimin et al. [5])

a_u+8_v+6_w_0
ox Joy 0z

o you ou 10p  [Pu Pu Ful 0B v
ox dy 0z pox ox?  dy? 022 p K’

v, TR
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2.1)

where a is the thermal conductivity of the fluid, By is the magnetic field, « is the thermal

viscosity, K is the permeability of the porous medium, k; is the rate of chemical reaction,

v = u/p is the kinetic viscosity, y is the dynamic viscosity, and o is the electrical conductivity.
The applicable boundary conditions are

u=-ax, v=—-am-1y, w=-W, T=T, C=C,, at y=0,
(2.2)
u—0 C—Cy, T—T, as y-— oo,

where a > 0 is the shrinking constant and W is the suction velocity. The cases m = 1 and
m = 2 correspond to shrinking sheets in the x- and y-directions, respectively.
Using the similarity transformations (see Sajid and Hayat [32]):

u:axF'(rl), v:a(m—l)]/F'(ﬂ), w:—\/ﬁmF(n), n= \/gZ/

2.3)
00 = i ) = e

(2.1) are transformed to the system of nonlinear equations
f= (M2 +2APr)f = [+ mff" =0, (2.4)
0" — Prf'0 + mPrf =0, (2.5)
¢" - Scf'¢+mScf§ — Scyd =0, (2.6)

subject to

f)=s,  f(0)=-1,  f(0)=0, 6(0)=1  6(0)=0, 27

$0) =1,  P(0) =0,

where Pr = v/x is the Prandtl number, S¢ = v/D is the Schmidt number, A = x/Ka is
the porosity, and y is the chemical reaction parameter. We remark that (2.4) can be solved
independently of equations of (2.5)-(2.6) for f, but the solutions for 6 and ¢ directly depend
on the solution for f. To demonstrate how robust the proposed methods of solution are,
the system of (2.4)-(2.5) is solved simultaneously in the next section. Solving the equations
simultaneously is also important when conducting the parametric study because some of the
governing parameters such as Pr and m affect all three unknown variables.
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3. Solution Methods

We solve (2.4)—(2.6) using three recent innovative semi-numerical methods. Validation of the
results is done by further solving the equations numerically using a shooting method and the
Matlab bvp4c solver. For the last two methods we used a tolerance of 107°.

We begin by transforming the domain [0, o) to [-1, 1], using the domain truncation
method, the domain [0, o0) is first approximated by the computational domain [0, L], where
L is a fixed length that is taken to be larger than the thickness of the boundary layer. The
domain [0, L] is then transformed to [-1, 1] using the algebraic mapping

I B (3.1)

3.1. The Successive Linearisation Method (SLM)

The successive linearisation method (see Makukula et al. [27, 28]) is used to solve (2.4)—(2.7).
The starting point is to assume that the independent variables f(#), 8(), and ¢(77) may be
expanded as

F) = £ + SEa(), 0(n) = 6,() + S0,
=0 "= (3.2)

¢<n>=¢i<n>+2_0®m<n>, =123,

where f;, 0; and ¢;, are unknown functions and F,,, ©,,, and @,,(m > 1) are approximations
that are obtained by recursively solving the linear part of the equation that results from
substituting (3.2) in the governing equations (2.4)—(2.7). Substituting (3.2) in the governing
equations (2.4)—(2.7) gives

fl'+aviaf] + avia fl + aziafi+ mff' = f2 =ri,

91{, + bl,i_19; + bz,i_lei + b3,i_1fil + b4,i—1fi = PTf,Q + mPrfG' =121, (33)

Y4 criadh + coic1i + ez fi + cai fi— Scf'p+mScf P =135,

where the coefficient parameters ay -1, bxi-1, cki-1 (k = 1,...,4), r1-1, 12,-1, and 13,1 are
defined as

i-1 i-1 i-1
ai1=mYy Fp, @i =- <zz Fp, + M+ )LPr>, asi1=my F,
m=0

m=0 m=0

i-1 i-1 i1
biia=mPrY Fp,  byi1=-Pr> F,,  byi1=-Pr) 0,
m=0

m=0 m=0

i-1 i-1 i-1
b4/i_1 = mPrZ @Im, Cl,i-1 = mScZ Fm, Ci-1 = —SCZ F;n - SCY,

m=0 m=0 m=0
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i-1 i-1
!
C3i-1 = _Sczq)m/ Caj-1 = mScZ@m,
m=0 m=0
i-1 i-1 i-1 i-1 i-1 i-1
i1 = F! F.S'F F!'S'F M? + \P F
r,i-1 = — m = m mtm m m = + r m |’
m=0 m=0 m=0 m=0 m=0 m=0

i1 i-1 -1 -1 -1
Toi1=— [2@;’,1 - Prlz:F;nlzzem + mPrszlZ:@'m:I ,
m=0 m=0 m=0  m=0

m=0

i1 i-1 i1 i-1 il i1
73,1 = —[IZZ(D','n - Sclz:FLHIEI(I)m + mScIZFmIEJ(D;n - Scylz:q)],
m=0 m=0 m=0 m=0 m=0

m=0

(3.4)
Starting from the initial approximations
Fy (Tl) =5+ 3*271 —e, @0(11) =e, D, (71) =el, (35)

which are chosen to satisfy the boundary conditions (2.7), the subsequent solutions for F,,,
O, and @, m > 1, are obtained by successively solving the linearized form of (3.3) which
are

n " !
Fi' +ayi F; +asiF;+azi1Fi =111,
i / !
O] +b1,,10; + b2 10; + b3 1F; + by 1Fi =1y, 1, (3.6)

@ + ¢1,;1D; + c2;-1D; + 31 F; + cai1 Fi = 1351,
subject to the boundary conditions
Fi(0) = Fj(0) = Fi(0) =0,  ©;(0)=0,  @;(0)=0. (3.7)

Once each solution for F;, ©;, and @; (i > 1) has been found from iteratively solving (3.6)-(3.7)
for each i, the approximate solutions for f (1), 0(n), and ¢(7) are obtained as

£ () = f_Ome), 0(n) = f_oemm), B = ﬁ:ommm). 8)

In coming up with (3.8), we have assumed that

hmfl =0, hm Gi =0, hm (i)i =0. (39)



6 Mathematical Problems in Engineering
Equations (3.6)-(3.7) are integrated using the Chebyshev spectral collocation method

(Canuto et al. [33] and Trefethen [34]). The unknown functions are defined by the Chebyshev
interpolating polynomials with the Gauss-Lobatto points defined as

yjzcos%, i=01,...,N, (3.10)

where N is the number of collocation points used. The unknown functions F;, ©;, and @; are
approximated at the collocation points by

N N
Fi(¢) = D FiE)Te(§),  ©i(d) = > 0i(E)Tk(4),
k=0 k=0

(3.11)
N
Di(é) = > ®;(&)Te(é),  j=0,1,...,N,
k=0
where Ty is the kth Chebyshev polynomial defined as
Ti(§) = cos[kcos™ (¢)]. (3.12)
The derivatives at the collocation points are represented as
daFi il a da@i N a
an® kzzoijFi(gk), - kZ:ODk].@i(ék),
(3.13)
o, &, .
d],la =k§:;)Dk7'(Di(§k)r ] =0,1,...,N,

where a is the order of differentiation and D = (2/L)® with @ being the Chebyshev spectral
differentiation matrix. Substituting (3.13) in (3.6)-(3.7) leads to the matrix equation

Ai1Xi =R, (314)

where B;_; is a 3(N + 1) x 3(N + 1) square matrix and X; and P;_; are 3(IN + 1) x 1 column
vectors defined by

D3 + a;D? + a;D + a3l 01 01
Aiq= b3D + b4I D? + le + bzI (0] ,
C3D + C4I 0I ])2 + C1D + CZI

Xi = [Fm(é())/Fm(gl)/ . /Fm(gN)rem(é())/em(él)r . rem(éN)/

(Dm(§0)l (Dm(él)l .o rq)m(gN)]Tr
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Rio1 = [rici(mo), rici(m), - - ric (), 12,21 (10), 12,1 (1), - - - i (1N,

13,i-1 (710), ¥3,i-1 (711), </ P31 (ﬂN)] T-

(3.15)

In the above definitions, ak;-1, and by;-1, cki-1 (k = 1,...,4) are diagonal matrices of size
(N + 1) x (N + 1). After modifying the matrix system (3.14) to incorporate the boundary
conditions, the solution is obtained as

X; = A Riy. (3.16)

3.2. Spectral-Homotopy Analysis Method (SHAM)

The spectral-homotopy analysis method (SHAM) has been used by Motsa et al. [25, 26]. It is
also convenient to first ensure that the boundary conditions are made homogeneous by using
the transformations

f) =F@+fo(n),  0(m)=0@) +6(n),  ¢(n)=DE) +do(1), (3.17)

where fo(77), and 68y(77), ¢o(77) are chosen to satisfy the boundary conditions (2.7) of the
governing equations (2.4)—(2.6). From (3.1) and the chain rule, we have that

2 4
fim)=tF@+ (), f'n)=zF©+f0)
8
f"(n) = E"©) + f5'(n),
(3.18)

2 4
0'(n) = 7O@) +6(n),  0"(n) = 50" +6(n),

U 2 / ! " 4 1 U
¢'(n) = 7O +¢o(n),  9"(n) = 7P"©) +¢5(n)-
Substituting (3.1) and (3.17)-(3.18) in the governing equations and boundary conditions gives

4 4
aoF'" 4 [111:” + azF, +asF + EmF"F - EF,F, =n (71)’

bo®" + b1© + b,© + b3F' + byF - %Prl—“’@ + %mPrF@' =1(n), (3.19)

2 2
co@" + 1D + 2D + 3 F' + c4F - ZSCF’@ + ZmScF(I)’ =r3(1),
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where prime now denotes derivative with respect to ¢ and

8 4 2 4
ao:ﬁ, a1=ﬁmf0/ a2=—<z<M2+.)LPT>+Zf(l))/ as =m (I)”

n(n) = =(fi + mfofy ~ fofo ~ (M +APr) f; ),

4 2 2 ,
bo = E, bl = EmPTfo, b2 = —PT‘fé, b3 = —IPTG(), b4 = mPrQO,
r(n) = —(0" — Prfy00 + mPr fo6y),

4 2 , 2 ,
€= 13/ c1 = ZmScfo, ¢ =-Sc(fy+7), c3 = —ZSC(i)o, cy = mSc,

r3(1) = =(¢" - Scfopo + mScfo - Sey).

(3.20)
The initial guesses used are
fo(n) =s+e?-ne™, Oo(n) =e™, $o(n) = e (3.21)
Solving the linear part of the equation system (3.19), that is,
aOF(I)" + ang + lle(’) +azFy=mn (11),
bo@g + b1@6 + b2@0 + b3F6 + b4F0 = Tz(i’l), (322)
CO@S + Cl(DE) + @y + C3F6 + C4F0 =13 (T]),
subject to
2., 2.,
Fo(-1) = ZFO(_D = fPO(l) =0, ©p(-1) =0(1) =0, Dy(-1) =dy(1) =0,
(3.23)

will yield the initial SHAM approximate solution. Applying the Chebyshev pseudospectral
method on equations (3.22)-(3.23) yields the matrix form

BY, =R, (3.24)
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where
a()%S + 31%2 + a2% + azl 0I 0I
B = b39 + b4I b()%:2 + blg + bzI Ol , (325)
C3% + C4I 01 C()%2 + C19 + CQI

T
’

R = [r(n0),r1(m), .-, r1(n),72(M0), 12 (1), -, 12 (M), 73 (100), 73 (1), - -, 73 (11N |
Yo = [Fo(&), Fo(&1), -- -, Fo@n), ©0(&0), ©0(é1), - -, Qo (En), o (&o), Po(&1), - -, Do(¢n)]",
a; = diag([ai(no), .-, ai(nn-1),ai(nn)]), b =diag([bi(mo), - .., bi(mn-1), bi(nN)]),

¢; = diag([ci(10),-..,ci(nn-1),ci(nn)]), i=0,1,2,3,4.
(3.26)

The superscript T denotes the transpose, diag is a diagonal matrix, and I is an identity matrix
of size (N + 1) x (N + 1). The boundary conditions (3.23) are implemented in matrix B and
vector R of equation (3.24). The values of [Yy(&1), Yo(&2), - .., Yo(én-1)] are then determined
from the following equation:

Y, = B'R, (3.27)

which provides us with the initial approximation for the solution of the governing equations
(3.19). With the initial approximate solution, we then find approximate solutions for the
nonlinear equations (3.19). We start by defining the following linear operators:

~ »F ?F oF ~
.ZF[F(é,q):I = aoa—§3 + ala—éz + aza—é + [13F,
~ ~ ?O 9O . ~ OF =~
Lo[F(¢:4). 6(&:4)] = bog + b1y + O +bygy +biF, (3.28)

- - PO o® . OF =~
,Eq;[F(g;q),(I)(g;q)] = coa—§2 +C15_§ +C2(D+C3a—§ +c4F,

where g € [0,1] is the embedding parameter and F(¢; ), ©(¢; q), and ®(¢; q) are unknown
functions. The zeroth-order deformation equations are given by

(1-9)£¢[F(3:9) - Fo@)] = ah{ e [F(& )] -1},

(1-9)Le [é(é; q) - @o(é)] = qﬁ{Jve [f(g; q),0(&; q)] -n } (3.29)

(1-9)Lo[®(& ) - ©o(8)] = ah{ M0 [F(§9) D& )] - 13},
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where £ is the nonzero convergence controlling auxiliary parameter and NVr, Ng, and Ne

are nonlinear operators given by

= ®F ®F oF ~ 4 -PF 40FoF
'/UF[F(glq)] :a05_§+a18_§2+a25_§+a31:+ﬁm1:a_§2_ﬁa_ga_g’
= ~ 0 9O |~ dF -
./UG)[F(é/q)/@(g/Q)] = boa_§2 +bla_§ +b2@+b3(3_§ + byF

2 ~OF  ~00
+ ZPT <—@a—§ + mFa—§>, (330)

= = *d  od -~  OoF -
N [F(g; q), D% EI)] = C06_§,2 + Cla—g +c® + 03a—§ +cyF

2 ~OF  ~0®
+ ESC<_(I)6_§ + mFa—§>

The m-th order deformation equations are given by

L [Fm (&) = xmFm-1 (é)] = ﬁR;/
L6 [Om (&) = XmOm-1(8)] = iR, (3.31)

Lo [(Dm(é) = Xm®Pm-1 (‘g)] = ﬁR(n%/

subject to the boundary conditions

Fm(_l) = F;n(_l) = F;n(l) =0, em(_l) = @m(l) =0, (Dm(_l) = (I)m(l) =0,
(3.32)

where
an (‘5) = aOF-:l,i_l + alF;;,_l + azF;n_l + aszF, 1
4 m—1
e "
+ EZ (_Fnmelfn + mF"Fm—l—n) —-n (1’1) (1 - Xm)/
n=0
Rren (g) = boelr’n_l + bl@;ﬂ_l + bzem—l + b3F;n_1 + b4Fm—1

m-1

2 ! !
+ ZPrZ (-=F,0Om-1-n + MO, Fpp_1-n) —=12(n) (1 = Xm),
n=0
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D Ui ! !
Rm ((‘S) = CO(Dm_1 + Cl(I)m_1 + CZCDm—l + C3Fm—l + C4Fm_1

2 m—1 , ,
+ ZSCZ (=F,®y1-n + mD},Fp1-) —13(17) (1 = Xm),
n=0

0, m<1
Xm =
1, m>1.

(3.33)

(3.34)

Applying the Chebyshev pseudospectral transformation to equations (3.31)—(3.33) gives rise
to the matrix equation

BY, = (xtm + 1)BY 1 = A(1 = ym)R + Qs 1, (3.35)

subject to the boundary conditions

N N
> DokFm(ék) =0, D BnkFm(é) =0, Fn(én) =0,
k=0 k=0

(3.36)
On(é) =0,  Ou@n)=0,  Dy()=0, Dn(n)=0,
where B and R are as defined in (3.25) and
Ym = [Fm(g(J)r Fm(él)/ ey Pm(éN)lem(éo)/@m(él)l .o r@m(gN)/
D (80), P (81, -, (N1,
5 l-i(gp N(DFmoton) + 1 (D2Fyrrr)
= I AR il ek (3.37)
m-1
Qui=|  FPrY[-(@F)Ou 1+ m@O) ]
n=0
m—1
%SC [_(an)cDm—l—n + m(%(Dn)Fm_l_n]
n=0

Applying the boundary conditions (3.32) on the right-hand side of (3.35) yields the following
recursive formula for higher-order approximations Y;,(¢) for m > 1:

Yo = (xm + 1) B BY1 + 5B [Qu1 = (1= xm)R]. (3.38)
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3.3. Improved Spectral-Homotopy Analysis Method (ISHAM)

Details of the improved spectral-homotopy analysis method (ISHAM) can be found in
Makukula et al. [30]. The main objective is to improve the convergence rate of the spectral-
homotopy analysis method by using an optimal initial approximation. Hence, instead of
a random solution choice a systematic approach is employed to find the optimal initial
approximation. This is achieved by first assuming that the solutions f(77), 6(7), and ¢(n)
can be expanded into

FO) = Fi() + SEaln), 001) =04(n) + S0n(n),
" " (3.39)

¢(m) = Di(1) + lZ_]gtbm(n), i=1,2,3,...,

where F;, ©;, and @; are unknown functions whose solutions are obtained using the SHAM
approach at the ith iteration and F,,, ©,, and ®,, (m > 1) are known from previous
iterations. We use the same initial guesses as with the SHAM solution in Sections 3.1 and
3.2. Substituting (3.39) into the governing equations gives

Fl{" + al,,-,lF{’ + 112,1',11:1{ + a3,,-,1Fl- + mFlf'Fi - F:Fl/ =T11,i-1 (Tl),
@;f + b1@; + bz@i + b3Fl/ + b4Fi - PTF{@I + mPrFlG); =T12-1 (1’[), (340)
@ + 1@} + 02 ®; + c3F; + c4F; — ScFi®; + mScF,D; = 13,-1(1),

subject to the boundary conditions

F(0)=0, F(0)=Fl(0)=0, ©;0)=0, ©;o0)=0, ®@(0)=0,  d(co)=0.
(3.41)

The coefficient parameters ay -1, bii-1, cki-1 (k =0,...,4), r1,i-1, 12i-1, and r3;_1 are as defined
in equation (3.4). Starting from the initial guesses (3.5), the subsequent solutions F;, ©;, and
®@; (i > 1) are obtained by recursively solving (3.40) using the SHAM approach. To find the
SHAM solutions of (3.40), we start by defining the following linear operators:

o O°F; O*F; OF; ~
Lr [Fi(’l? ‘1)] = 6_113 + 611,1'—16—712 + a2,i—1a +az i1 F,
~ ~ 0%0; 00, ~ OF; ~
Lo [Fi(ﬂ; q9),9i(n; q)] = 5_’12 + bl,i—la +b,i10; + b3,1>1$ +byiaFj, (3.42)

= = oD, o = oF; =
Lo [Fi(ﬂ;Q)r‘I’i(ﬂ? ‘1)] = 5_712 + Cl,i—la + C,im1D; + C3,i—1a_11 + cy,i1Fi.
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The zeroth-order deformation equations are given by

(1- )2 [Fi(n:9) = Fio(n)] = ah{ e [Fi(m:9)] = 71},
(1-4)L0[i(1:9) - ©10(n)| = ah{ Mo |Fi(:4), ©:(m:0)] =21} (3.43)

(1= 9) Lo [Di(1;9) - Dio(n)| = ah{ Mo [Fi(n;9), Di(:9)] - 7311},

N, No, and Ng are nonlinear operators given by

o O°F; O*F; oF; ~
Nr [Fi(ﬂ; ‘1)] = 6_113 + al,i—la_112 + a2,i—1a + a1 F;
i O _oRoE
‘o2 on on’
r ~ 62@1. 6(:)1 ~ afl ~
./UO [F1(7], Q)/ @i(ﬂ,’ q)] = 8_712 + b 1;1% + bz,i,lei + bg,i,la—n + b4,i,1Fi
_ _ (3.44)
~ OF; ~ 00);
+ PT<—91'% + mEW),
F b PD; oD, = OF; ~
No [Fi(’l? q), Di(1; ‘1)] = 6_712 + Cl,i—la +c2,i1D; + CS,i—l% +cgiF;
~ OF,  ~ 0
+ SC<_(I)1-% + mFlw>

The mth order deformation equations are

Le[Fim(1) = xmFima(n)] = AR},
L6[Oin (1) = xmOim-1(n)] = HRE,, (3.45)

Lo [Dim (1) = Xm®Pim-1(1)] = hRE,,,
subject to the boundary conditions

Fim(0) = F; ,(0) = F; ,(00) =0, ©im(0) = O;,(0) =0, D; ,,(0) = D;y(c0) =0,
(3.46)
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where

F " " !
Ri (n) =F ime1 ¥ avi-iFy o +asiaF 4 +asiaFima

m-1
+ 2 (B Fh s+ MEnFl ) =111 (1) (1= xon),
n=0

RiG,)m (1) =0}, + 0110, 1 + b2 1Oi 1 +b3i1Fj 1 +byi1Fima
- (3.47)
+Pry <_F1{,n@i,m—1—n + m@;,nFi,m—l—n> = 12i1(n) (1= Xm),
n=0

D i / !
Ry, (1) = @, 1 +c1ia®, 1 +C2i1Pim-1 + C3i1F; 1 + Cai1Fim

m-1
+ SCZ <_Fl{/n¢)i,m—1—n + m(D;'/nFi,m—l—n> —13i-1(1) (1 = Xm)-
n=0

The initial approximations F;o, ©;, and ®;y that are used in the higher-order equations
(3.45)—(3.47) are obtained by solving the linear part of (3.40) given by

n " !
Fio+aiaFjg+aziaFig+asiaFig =1,

i / !
O} + b1,i19; 4 + 02,1050 + b3 i1 Fi g + bai1Fig =121, (3.48)

i ! !
D; o+ c1,i-1D; o + 2,1 DPig + ¢3i1F o+ caica Fio = 131,

with the boundary conditions

Fio(0) = F{,(0) = Fi(o0) =0, ©i0(0) =0, ©ip(0) =0, @;0(0) =0,
(3.49)
q)i,O (OO) = 0

In a similar manner, we apply the spectral methods to solve for the initial approximate
solutions F;y, ©;9, and ®;o, and the higher-order deformation equations (3.45)-(3.47) for
higher order approximate solutions F;,,, ©;,,, and ®;,, for m > 1. The solutions for F;, ©;,
and @; are then generated using the solutions for F;,,, ©;,, and ®;,, as follows:

Fi=Fio+Fipn+Fip+Fiz+--+Fim,

@i = 61’,0 + 61,1 + @,’/2 + @,’/3 + -0+ @i,m, (3.50)

CDi = CDi,O + cDi,l + (I)i,Z + (Di,3 + -+ cDi,m-

The [i, m] approximate solutions for f(77), (77), and ¢(#) are then obtained by substituting F;,
©;, and @; from (3.50) into (3.39), where i is the ith iteration of the higher-order deformation
equation and m is the mth iteration of the initial approximation.
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Table 1: Comparison of the approximate solutions of f”(0) at different orders of the SLM, SHAM, and
ISHAM against the numerical solutions at different values of A whens =3, M =1, m=1, Sc = 0.62, y =3, Pr
=1,1=0, h=-1,L=30,and N = 150.

SLM SHAM ISHAM Shooting bvp4c Ref. [9]
A order £"(0) order £"(0) order £"(0) £"(0) ") £"(0)

1 1 3.32068 1 3.30709 [1,1] 3.33858 3.30278 3.30278  3.302776
2 3.30283 2 3.30338 [2,2] 3.30278
3 3.30278 4 3.30279 [3,3] 3.30278
4 3.30278 6 3.30278 [4,4] 3.30278

2 1 3.57292 1 3.56643 [1,1] 3.59883 2.30278 2.30278  3.561553
2 3.56157 2 3.56225 [2,2] 2.30278
3 3.56155 4 3.56157 [3,3] 2.30278
4 3.56155 6 3.56155 [4,4] 2.30278

4 1 4.00770 1 4.00549 [1,1] 4.03789 4.00000 4.00000  4.000000
2 4.00000 2 4.00084 [2,2] 4.00000
3 4.00000 4 4.00002 [3,3] 4.00000
4 4.00000 6 4.00000 [4,4] 4.00000

Table 2: Comparison of the approximate solutions of —6'(0) at different orders of the SLM, SHAM, and
ISHAM against the numerical solutions at different values of A whens =3, M =1, m =1, Sc =0.62, y =3,
Pr=1,1=0,h=-1,L=30,and N = 150.

SLM SHAM ISHAM Shooting ~ bvp4c Ref. [9]
A order -0'(0) order —-0'(0) order -0'(0) -0'(0) -0'(0) —-6'(0)
1 1 2.56783 1 2.67511 [1,1] 2.80912 2.66554 2.66554  2.665537
2 2.66485 2 2.66656 [2,2] 2.66554
3 2.66554 4 2.66556 [3,3] 2.66554
4 2.66554 6 2.66554 [4,4] 2.66554
2 1 2.59198 1 2.69041 [1,1] 2.84009 2.68032 2.68032  2.680315
2 2.67987 2 2.68132 [2,2] 2.68032
3 2.68032 4 2.68034 [3,3] 2.68032
4 2.68032 6 2.68032 [4,4] 2.68032
4 1 2.62914 1 2.71316 [1,1] 2.88452 2.70240 2.70240  2.702455
2 2.70215 2 2.70336 [2,2] 2.70240
3 2.70240 4 2.70241 [3,3] 2.70240
4 2.70240 6 2.70240 [4,4] 2.70240

4. Results and Discussion

Equations (2.4)-(2.6) subject to boundary conditions (2.7) have been solved using three recent
semi-numerical techniques as described above. To validate our results, we have compared the
skin friction coefficient, the Nusselt number, and the Sherwood number with the theoretical
results of Muhaimin et al. [9]. We have further compared our results with the full numerical
solutions obtained using the shooting method and the Matlab bvp4c routine. The comparison
is given in Tables 1-3.

Tables 1-3 give values of the skin friction, heat transfer rate, and the mass transfer rate,
respectively, for different porosity values. The convergence to the two numerical results of the
SLM is achieved at the third order of approximation, at the sixth order for the SHAM, and at
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Table 3: Comparison of the approximate solutions of —¢'(0) at different orders of the SLM, SHAM, and
ISHAM against the numerical solutions at different values of A whens =3, M =1, m =1, Sc =0.62, y =3,
Pr=1,1=0,h=-1,L=30,and N = 150.

SLM SHAM ISHAM Shooting bvp4c Ref. [9]
A order -¢'(0) order -¢'(0) order -¢'(0) -¢'(0) -¢'(0) -¢'(0)
1 1 2.39294 1 2.41413 [1,1] 2.43976 2.41029 2.41029 2.410283
2 2.41026 2 2.41085 [2,2] 2.41029
3 2.41029 4 2.41030 [3,3] 2.41029
4 2.41029 6 2.41029 [4,4] 2.41029
2 1 2.40181 1 2.42137 [1,1] 2.44981 2.41700 241700  2.417000
2 2.41698 2 2.41764 [2,2] 2.41700
3 2.41700 4 2.41702 [3,3] 2.41700
4 2.41700 6 2.41700 [4,4] 2.41700
4 1 2.41559 1 2.43236 [1,1] 2.46460 2.42722 242722 2427225
2 242721 2 2.42797 [2,2] 242722
3 242722 4 2.42724 [3,3] 2.42722
4 242722 6 2.42722 [4,4] 2.42722

second order for the ISHAM. Comparison with results reported in Muhaimin et al. [9] shows
an excellent agreement.

Table 1 shows an increase in the surface shear stress f”(0) with an increase in the
porosity parameter 1. The increase in the skin friction with the porosity may be accounted
for by the fact that the velocity gradient increases with porosity (Takhar et al. [35]). Tables
2 and 3 show an increase in the surface heat transfer rate —6'(0) and the mass transfer rate
-0'(0) with the porosity parameter for large suction values (s = 3), suggesting an increase in
temperature and concentration gradients with increasing porosity.

Figure 1 serves two purposes: (a) to give sense of the accuracy of the improved spectral
homotopy analysis (ISHAM) by means of a comparison between the numerical results and
the second-order improved spectral-homotopy analysis results and (b) to demonstrate the
effects of the suction parameter s and the Hartmann number M on the velocity profiles f'(7).

Firstly we observe an excellent agreement between the second-order ISHAM and the
numerical bvp4c results for all parameter values used. Secondly we note that these results are
qualitatively similar to those reported in Noor et al. [6] for the case of one-direction shrinking
(m = 1) and show that increasing the suction parameter s and the Hartmann number M leads
to an increase in the velocity. This in turn leads to a decrease in the boundary layer thickness
as fluid is sucked out of the flow region.

5. Conclusions

We have successfully solved the nonlinear system of equations governing MHD boundary
layer past a porous shrinking sheet with a chemical reaction and suction. We demonstrated
three recent innovative methods, namely, the successive linearisation method (SLM), the
spectral-homotopy analysis method (SHAM), and the improved spectral-homotopy analysis
method (ISHAM), and compared the performance of the three methods with regard to the
speed of convergence of the solution (the number of iterations required), computational
efficiency, and the ease of application of the method. The results were compared with those
obtained using the well-known shooting method and the Matlab bvp4c solver. We found that
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Figure 1: On the comparison between the 2nd-order ISHAM solution (figures) and the bvp4c numerical
solution (solid line) for f(7) and 6(#) at different values of A when M =1, m=1,Pr=3, 11 =2,s=1,L=
30, and N =150.

the ISHAM converged at second order. The magnitude of the parameter values used did not
affect its performance under the same conditions with the SLM and SHAM. Nevertheless,
the ISHAM does not come cheap in terms of the size of the code and computer time, taking
about three times as long as the SLM to compute the same result and about double the time
taken with the SHAM. The SLM converged at third order, is easy to implement, and has
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shown a good level of stability when solving highly nonlinear problems. The SHAM gives
good convergence under the same conditions but poor convergence with highly nonlinear
problems. It is easy to implement but not as easy as with the SLM.

Results from simulations revealed an excellent agreement between results from the
shooting method and the bvp4c. Our findings indicate that the ISHAM is the best approach
of the three methods in terms of the accuracy of the results and speed of convergence.
Parametric studies for effects of different parameter values in the problems agreed with
results present in the literature.
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