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Efficient Large Spectral Collocation Method for
MHD Laminar Natural Convection Flow from a
Vertical Permeable Flat Plate with Uniform
Surface Temperature, Soret, Dufour, Chemical
Reaction and Thermal Radiation

Titilayo Morenike Agbaje, Sandile Sydney Motsa, Peter Leach, and Precious Sibanda

Abstract—In this work, the three-dimensional steady natural
convection boundary layer flow of an electrically conducting and
viscous incompressible fluid is studied. The coupled nonlinear
partial differential equations that describe the flow have been
solved using a recently developed large parameter spectral
perturbation method (LSPM). This method has not been used
before in the literature to obtain numerical solutions of three
dimensional MHD laminar natural convection flow with Soret
and Dufour effects. The partial differential equations that
defines the problem under investigation are highly coupled and
nonlinear. Hence they cannot be solved analytically using series-
based methods. Indeed, validation of this numerical method for
general fluid flows, or heat and mass transfer problems has not
yet been done. This work explores and evaluates the accuracy
and robustness of the large parameter spectral perturbation
in finding solutions of coupled nonlinear partial differential
equations.

Index Terms—Natural convection, Magnetohydrodynamics
(MHD), thermal radiation, Soret and Dufour, Large parameter
spectral perturbation method.

I. INTRODUCTION

AGNETOHYDRODYNAMIC (MHD) is one which

combines fluid mechanics and electromagnetism, that
is, how an electrically conducting fluid behaves in the pres-
ence of a magnetic and electric field. In many engineering
and industrial processes, the study of magnetohydrodynamic
natural convection flow and heat transfer have diverse appli-
cations which found its uses in, for example, nuclear reactors,
MHD generator, MHD pumps, flight MHD, MHD flow-
meters, MHD accelerators, geothermal extractions, plasma
studies, boundary layer control in the field of aeronautics
and aerodynamics. Another great importance of MHD natural
convection boundary layer flow past a permeable surface is
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in space flight and in a nuclear reactor. This applications
usually involves a strong magnetic field and a low-density
gas and as a result, the Hall current and ion slip becomes
immensely important.

The natural convection boundary layer flow of an elec-
trically conducting fluid in the presence of a magnetic field
has been discussed by many authors. Mention may be made
of the research of Yamanishi [1] who investigated the Hall
Effect in the viscous flow of ionized gas through straight
channels. Sing and Cowling [2] derived similarity solutions
and solutions based on a Pohlhausen-like type of approx-
imation of thermal convection in a magnetohydrodynamic
boundary layer. The numerical method of Nactsheim-Swigert
shooting iteration technique together with Runge-Kutta six
order iteration scheme has been used by Wahiduzzaman et
al. [3] to solve the system of governing non-similar equations
describing the flow of MHD convection and mass transfer
flow of viscous incompressible fluid about an inclined plate
with Hall current and constant heat flux. In their study, it
was assumed that the induced magnetic field is negligible
when compared with the imposed magnetic field. Seth et
al. [4], [5] investigated Hall effects on unsteady MHD
natural convection flow of a heat absorbing fluid past an
accelerated moving vertical plate with ramped temperature
and effects of Hall current and rotation on unsteady MHD
natural convection flow with heat and mass transfer past an
impulsively moving vertical plate in the presence of radiation
and chemical reaction, respectively. In their studies, the exact
solutions are obtained in closed form by Laplace transform
technique under the Boussinesq approximation. Saha et al [7]
considered the effect of Hall current on the MHD laminar
natural convection flow from a vertical permeable flat plate
with uniform surface temperature, where it was assumed that
the induced magnetic field is negligible compared to the
imposed magnetic field. The transformed governing partial
differential equations were solved using the regular pertur-
bation method for small transpiration parameter, asymptotic
solutions are obtained for large transpiration rate, the local
non-similarity method and implicit finite difference method
together with Keller box scheme for any transpiration rate.
The finite difference method, the local non-similarity method
and the perturbation method were used by Saha et al. [8] to
analyze the effect of Hall current on MHD natural convection
flow from a vertical permeable flat plate with uniform heat
flux.
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The problem investigated is that of MHD laminar natural
convection flow from a vertical permeable flat plate with
uniform surface temperature, chemical reaction and thermal
radiation and is defined by a coupled system of four nonlinear
partial differential equations. The model is an extension of
that investigated by Saha et al. [7] to incorporate mass,
thermal radiation, heat generation, chemical reaction, Soret
and Dufour effects on the flow. The model in the absence
of the mass, thermal radiation, heat generation, chemical
reaction, Soret and Dufour effects has earlier been solved by
Saha et al. [7] the perturbation method, local non-similarity
method and an implicit finite difference method together
with Keller-box scheme. The perturbation method, local non-
similarity method and implicit finite method has been used
extensively by many researchers on related problems defined
on large parameter intervals (see, for example, Mahmood
et al. [9], Hussain et al. [10], Hossain et al. [11]). The
perturbation method is an analytic technique for finding
approximate solutions to differential equations. It has been
observed by previous researchers who used the perturbation
method to obtain series solutions about a large perturbation
parameter that higher order perturbation equations may be
impossible or difficult to solve exactly beyond a certain order
of approximation. This yields less accurate results if one,
two or three perturbation approximation is used to obtain
approximate solutions. Hence, there is a need to generate
higher order perturbation approximations. Besides, there are
limits to how far the perturbation series analytic approach can
be used in solving nonlinear systems of partial differential
equations involving many coupled equations. This is because
nonlinear systems of partial differential equations involving
many coupled equations are difficult to solve analytically.
The implicit finite difference method is a known numerical
method used by many researchers for solving nonlinear
partial differential equations defined on large parameter inter-
vals. The implicit finite difference method was introduced by
Cebeci and Bradshaw [12]. The finite difference schemes are
known to require many grid points to achieve good accuracy.
Hence, a lot of computer memory and computational time
may be needed to obtain accurate results.

The aim of this study is to therefore demonstrate the appli-
cability of the large parameter spectral perturbation method
on coupled systems of nonlinear partial differential equations
which have the Soret and Dufour effects and are defined over
a large parameter interval and cannot be solved analytically
even with methods that look for series solutions. To the best
of the authors’ knowledge, series approaches akin to the
LSPM have not been reported in the literature for solving
coupled nonlinear partial differential equations modelling
MHD laminar natural convection flow. This study presents
the first opportunity to evaluate the robustness and accu-
racy of the LSPM in finding solutions of coupled systems
of nonlinear partial differential equations describing MHD
laminar natural convection flow from a vertical permeable
flat plate with uniform surface temperature, Soret, Dufour,
chemical reaction and thermal radiation effects. The LSPM
is a combination of both the analytical and numerical solution
techniques. In the LSPM, we construct a series solution
about a large perturbation parameter and the Chebyshev
spectral collocation method is used to solve the resulting
series equations numerically. In this current study, it was

observed that the sequence of ordinary differential equations
which are derived from the series expansion are coupled
and cannot be solved analytically, hence, the introduction
of the Chebyshev spectral collocation method to resolve the
resulting series equations numerically. With the use of the
Chebyshev spectral collocation method, it will be possible
to gain approximate numerical solutions of the higher order
perturbation equations which are impossible to obtain ana-
Iytically due to the nature of the problem considered in this
study. To establish the accuracy of the LSPM, approximate
numerical solutions obtained using the LSPM are validated
using the multi-domain bivariate spectral quasilinearisation
method (MD-BSQLM) and published results in the literature,
and our results are found to be in an excellent agreement.
The MD-BSQLM is a numerical method that combines the
quasilinearisation idea together with the Chebyshev spectral
collocation and bivariate Lagrange interpolation. In the MD-
BSQLM, the nonlinear systems of partial differential equa-
tions are first linearized using the quasilinearization method
of Bellman and Kalaba [13]. The resulting equations are then
integrated into multiple sub-intervals using the Chebyshev
spectral collocation method. The numerical results from this
study show that the LSPM is accurate and can be utilised as
an alternative numerical tool for solving coupled nonlinear
systems of partial differential equations defined over large
parameter domain and cannot be solved analytically using
analytical methods. The advantage of the LSPM is that unlike
other numerical methods, it applies discretization only in the
space (n)-direction when solving a partial differential equa-
tion. This feature enables the LSPM to compute approximate
numerical solutions in a very efficient and computationally
fast manner. To further establish the accuracy of the LSPM,
the residual error and the solution error of the differential
equation will be shown. Simulations will be carried out to
show pertinent flow characteristics such as the local skin-
friction coefficient, local Nusselt number, local Sherwood
number, velocity, heat, and mass transfer rates.

II. MATHEMATICAL FORMULATION

We investigate a steady natural convection boundary layer
flow of an electrically conducting and viscous incompressible
fluid from a semi-infinite heated permeable flat plate in the
presence of a transverse magnetic field and thermal radiation
with the effects of Hall currents, chemical reaction, Soret
and Dufour. The = — axis is along the vertically upward
direction, while the y — axis is normal to it and away from
the plate surface. The leading edge of the permeable surface
is taken as coincident with z —axis. The plate temperature is
assumed to be non-uniform and depending on the distance x
measured from the leading edge of the plate while the am-
bient temperature is maintained at uniform temperature 7,
and concentration C,. Furthermore, we consider a uniform
mass flux, Vj through the permeable vertical surface of the
plate. The Hall current effect gives rise to a force in that
direction. Hence, the flow becomes three-dimensional. The
flow configuration and the flow coordinate system are shown
in Fig. 1. Under the usual boundary layer approximation, the
flow is governed by the following equations (see [7]),
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Fig. 1. The flow coordinate system and the flow configuration
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In the above equations, u, v and w are the velocity com-
ponents along x, y and z axis, v is the kinematic coefficient
of viscosity, g is the acceleration due to gravity, 3 is the
thermal expansion coefficient, 7" is the fluid temperature, 7',
is the ambient fluid temperature, o is the electric conductivity
of the fluid, By is the applied magnetic field, p is the
fluid density, m = (w?7?) is the Hall parameter, with w
being the cyclotron frequency of the electron, and 7 as the
collision time of electrons with ions, a/(= %) is the thermal
diffusivity with x being the fluid thermal conductivity and
cp the specific heat at constant pressure of the fluid, D,
is the mass diffusivity, k7 is the thermal diffusivity ratio,
cs is the concentration susceptibility, ¢, is the radiative heat
flux, @)y is the heat generation constant, 7;, is the mean
fluid temperature, K. is the chemical reaction coefficient,
C is the fluid concentration and C,, is the ambient fluid
concentration. The radiative heat flux g, is defined using the
Rosseland approximation [14] as:

4o* OT*
r = - Y 6
¢ 3k* Oy ©)

where ¢* and k* are the Stefan-Boltzmann constant and
mean absorption coefficient, respectively. Assuming that the
temperature differences within the flow are sufficiently small,
T* may be approximated in Taylor series form about T,
after ignoring higher order terms as:

T* ~AT3T - 3T2. (7)

The boundary conditions are:

u(z,y) =0, v(z,y)=-Vo, w(z,y)=0, T(z,y)="Tw,
Clz,y) =Cw at y=0,

u(z,y) =0, w(z,y)=0, T(z,y)="Tc,

C(z,y) = Coo at y = oo. ®

In equation (8), Vj is the transpiration velocity. When Vj is
positive, it denotes suction or withdrawal and a negative Vj
stands for injection or blowing of fluid through the permeable
surface. In this present investigation the case of suction or
withdrawal will only be considered rather than the blowing
case and therefore, 1/ is taken to be positive throughout this
study. The following dimensionless transformations for the
dependent and independent variables that valid for the natural
convection flow from the vertical surface are then introduced:

blay) =G e+ e, n=Yonkt e= TG,
x 14
_ V., 1/2  T-Tow T-Too
w(x7 y) - IGTI g(gv 77) 0(5777) - Tw _ Toc - AT El
C—-Cx
#(&,m) = Co O’ )]
where 1) is the stream function defined by;
oY oY
= — =—— 10

which satisfies the continuity equation (1). In equation (9), f
is the dimensionless stream function, g is the dimensionless
velocity in the z—direction, Gr, = gﬁy#xs is the local
Grashof number, 6 is the dimensionless temperature of the
fluid, AT = T,, — Two, ¢ is the dimensionless concentration
of the fluid, 7 1s the pseudo-similarity variable, ¢ is the tran-
spiration parameter depending on the transpiration velocity
o and the axial variable x. Substituting the transformations
given in equation (9) into_equations (2) - (5) gives the
ollowing set of non-similarity system of partial differential
equations which are expressed in dimensionless form as:

P SIS = e 40— 1 (f 4 mg)

g+ %fg' - %f’g+€g’ - 14?4 5 (g —mf")
)

%(1+NR)0”+ Zf9’+£9’+Df¢>”+He9

(14)

Loy, 3., / //71 109 /ﬂ
"+ 306 s — 504500 = e[ 0 2L].

oe " o¢
The boundary conditions (8) becomes,

f(£0)=0, [f/(£0)=0, f(§00)=0,

g(£,0) =0, g(&0) =0,

0(570) = 17 9(&7 OO) = 0»

#(£,0) =1, ¢(£,00)=0. 15)

In the above equations, prime denotes differentiation with
respect to 1, ]\? is the magnetic field number, Pr is the
Prandtl number, N is the thermal radiation parameter, D f
is the Dufour number, and He is the heat generation param-
eter, Sc is the Schmidt number, ¢ is the chemical reaction
parameter and St is the Soret number. These parameters are
mathematically defined as:

aro OB e 16075,
pVG’/‘z/ 3k*k
pf = Pmbr(Cu=Coc) o Qoz*
cscpv(Tw — Too) pcpuG’r’glg/2
Dk (T — T Kra?
Sc:L7 Sr = mbr (T 00)7 §= 2 : (16)
D Trnv(Cuw — Coo) vGra/?

x
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The physical quantities of interest are the local skin-friction
coefficient C'y,, the local Nusselt number Nu, and the local
Sherwood number Sh;, and are defined respectively by the
following expressions as:

CfIGr;S /4 —1/4 _

Shy GrT

= f"(£,0),
—¢'(&,0).

NuzGry —0'(€,0),

a7

IT1I. LARGE PARAMTER SPECTRAL PERTURBATION
METHOD (LSPM)

In this section, we derive the asymptotic solution of
equations (11) - (14) subject to the boundary conditions (15)
when the transpiration parameter & is large. When ¢ is large,
the dominant terms in equation (11) are f” and £f", ¢”
and £¢' in (12), 0” and &0" in (13), and ¢” and &¢' in
(14). It is sufficient to balance these terms in magnitude.
Therefore, given that ¢ = O(1) as £ — oo, it is necessary
to find appropriate scahng for f and 7. Balancing the order
of magmtude of [, £f"” and €' in equation (11), ¢’ and
&g’ in (12), 6" and 59’ in (13) and ¢" and &¢’ in (14)
using the method of dommant balance, 1t is found that
n = 0" f=0E? g=0&?, 0 =00
and ¢ = O(1) as & — oo. Accordingly, we introduce the
following transformations that are valid for large values of &
as:

F=E7F(Em), g=¢€67%GEn) 0=0(n),
¢=2(&n) 1=~n (18)
Substituting equation (18) into equations (11) - (14) gives:
" " _ —2 ’
F"+F"+0 1+m2§ [F" +mG]
_ 1 -3 8F //8i
o 4§ L 85 -F 85} (19
G"+G — Trm .f_ [G—mF']
3 [ 0G _ ,OF
*5 85 85] (20)
(71 J;NR) 0"+ 0 +¢ 2He® + Dfd"”
"
— 1 -3 /82 _ laF
= 45 _F d§ C] BE} 21
i " ) //77 3 laq) IBF:|
SO T e+ S50 = e {F 5% - 5% (22)

where prime denotes differentiation with respect to 7.
The corresponding boundary conditions are:

F(&, 0)—07 F'(§,0) =0, F'(£,00) =0,
G(£,0) =0, G(§00) =0,

0(£,0) =1, ©O(¢,00) =0,

D(E,0) =1, B(£,00)=0 (23)

Since ¢ is large, we seek solutions to equations (19) -
(22) using the perturbation series approach. The functions

F(&,n), G, 7), O, 7) and ®(E,77) are expanded in powers
of £72 as:
F(&n) = Z £ R (7 = & *G(n)

k=0

D= Y ete,m, B =Y et nm e
k=0 k=0

Substituting equation (24) into equations (19) - (22) and
then equating the coefficients of like powers of &, we obtain

the equation for £ = 0 as:

F"+ F+0, =0, (25)
Gy + Gy =0, (26)
1+ N
< + R>®3+@5+qu>go, Q27
Pr
1
SO0+ @)+ SrOf = (28)
subject to the following boundary conditions
Fy(£,0) =0, Fy(£,0) =0, Fy(& 00) =0,
G()(é-v 0) = 01 G()(gv OO) = 07
®O<§7O) = 17 60(67 OO) = Oa
(I)O(Ea 0) = 17 (bo(f, OO) = 0. (29)
The equations for k£ = 1 are obtained as:
F{//+F{/+@1_W[F0I+mGO] :0, (30)
Gl + Gy~ 1 [Go —mE] =0, 31)
1+ N
( “;r R) 0"+ 0, + DfP! + He®y =0,  (32)
1
§<I>'1' + @) + Sr0] — 605 =0, (33)
subject to the boundary conditions:
F1(§ O):O Fll(f,O):O, F{(&OO)Z(L
Gl( ) G1(€> OO) = 07
01(§, ) 01(§,00) =0,
The equations for k > 2 are obtained as:
1 k—2
'+ F/ + 6 =3 ;0 s (Fi_a_ o Fs — Fy_o_ FY)
M
+ Trm? [F;é,l + mGk—l] ) (35)
1 k—2
Gy + Gy = 5 ;}5 (Gho oFs — F_5_,Gs)
s 2 [Gr—1+mF;_4], (36)
(* ;NR) o} + 0} + Dfa]
1 k— k—2
=5 2 <@;_2_SFS - SX%F,;_Q_S@S> — He®p_1, (370
§¢” + @}, + Srey
éz (q);c 2— sFS*ZFk 2—s >+5‘1>k17 (38)
subject to the following boundary conditions
Gk(f,O):o, Gk(g,OO):O
G)k(§70) = Oa @k(&, OO) =0
(I)k(ga 0) = 07 (I)k(ga OO) = 0. (39)

The initial solution at £ = 0 used to start the LSPM algorithm
can be obtained by solving equations (25) - (28) subject to
the boundary conditions (29). Also, the solution at }f

can be found by solving equations (30) (33) subject to the
boundary conditions (34). We remark that equations (25) -
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(28) and equations (30) - (33) are interlinked and cannot
be solved independently of each other or solved exactly and
therefore must be solved numerically as a coupled system.
The Chebyshev spectral collocation method is very accurate
and convenient to use in solving differential equations of the
type (25) - (28), (30) - (33) and (35) - (38) which are linear
w1th constant coefficients. For brevity, details of the spectral
method have been omitted in this paper. Interested readers
can refer to the works of (see[15], [16], [17]) on how the
spectral collocation method has been used to solve similar
partial differential e?uatlons Applying the spectral method

on equations (25) - (28) gives:
A1 A2 A1z Aig Fo VA
Az1 Ag2 Az Aoy Go | _ | Z2 (40)
Az1 Az2 A3z Aszg ® 7z |’
Ag1 As2 As3z Agg Lo Zy
where
A1 =D34+D? A;2=0, A;z=1 A;4=0,
A31=0, Ays=D?>4D, Ay3=0, Agy=0,
1+ N,
A31 =0, A32=0, Az3z= ( + R) D? + D,
Pr
Azq=(Df)D?, Ay1=0, Ay2=0, Ay3=(Sr)D?
1
Agq = —)D%+D,
4,4 (Sc) +
7Z,=0, Z2=0, ,Z3=0, Z4=0, 1)

where D = 2D /L., with D being the Chebyshev spectral
differentiation matrix of size (N, + 1) X (N, + 1) whose
entries are defined in [18], [19], L is a finite value selected
to be large to approximate the conditions at infinity, I is an
identity matrix of size (N, + 1) x (N, + 1) and O is a zero
vector of size (IV;+1)x 1. Also, applying spectral collocation

method on equations (30) - (33) gives:
A1 Ao A1z Arg Fq R
Aa1 Az Aaz Aoy G | _| R “2)
A1 Az A3z Azg (Ch1 R; |’
As1 Aa2 Aa3 Asa P, R4
where
A1a=D*4+D? A12=0, Ai3=1I A;4=0,
A21 =0, As2=D?+D, As3=0, Axys=0,
1+ N
A31 =0, Az2=0, A3,3:( ; R)D2+D+(He)1,
T

Aza = (Df)D?,
Agg= (i> D2 4+D— (81,
Sc

M M
Ri=(——= ) (Fo)D —_— G
1 <1+m2)(0) +(1 QO) 05

+
M M
Ro=(—)Go— (———m) (Fo)D,
2 <1+m2) 0 (1+m2m)( 0)

R3s = — (He) ®p, Ry =0§Pg.

A41 =0, Ag2=0, Asz=(Sr)D?

43)

Solutions to the higher order approximations Fj, Gp, O
and ®; for £ > 2 given by equations (35) - (38) can
then be obtained using the spectral method. It is for this
reason the method is refereed to as the large parameter

spectral perturbation method. Similarly, applying the spectral

collocation method on equations (35) - (38) gives:
A1 A2 A1z Ay Fy, Q1 k—2
A21 A2z Az3z Ay Gi | _ | Q-2 (44)
Azl Asz2 Ass Asa O Q3 p—2 |’
As1 Ag2 Ag3 Asg Py Qy—2

where
A11=D*4+D? A12=0, Ai3=I A14=0,
A1 =0, A22=D>+D, A23=0, Az4=0,

A31 =0, A32=0, A33= (

Aza = (Df)D?,
1

Agg= (7) D2 +D - (§)1,
Sc

M )(DF )+< M
m?2 ot 1+m
M

1+N
+ R>D2+D+(He)l,
Pr

A41=0, As2=0, A43=(Sr)D?

= SumF
Q2 = Sum +(1+

Q3 52 = Sum® — (He) ©y_1,
Q4 p—2 =Sum® + 6Py _1, (45)

where SumF, SumG, Sum® and Sum® are defined as:

k—2 k—2
1 1
SumF = 3 Z (D*Fj_2_s) (sFs) — 3 Z (DF_2_s) (sDFs),
s=0 s=0
1 k—2 1 k—2
SumG =~ > (DGj_z_,) (sFs) — 3 > (DFj_2_,) (sGs),
s=0 s=0
1 k—2 1 k—2
Sum® = 2 > (DO_5_) (sFs) — 2 (DFg_2_5) (s©s),
s=0 s=0
1 k—2 1 —1
Sum® = 3 ;0 (D®)_o_) (sFs) — 3 ; (DF;_o_,) (s®s).

Therefore, starting from the known Fy, Gg, ©g, ®¢, Fq,
G1, ©4, and P, the solutions are obtained as:

-1
V. =A Qi,k72a (46)
where

A1 A2 A1z Aig Fr 7

A— A1 A2 Azsz Aoy vV, — Gy
Asz1 As2 As3z Aszg |’ k O, |’

Ag1 Az Ag3z Ay P,
Qi 2 ]

| Q-2

Q2 = Qs h2

Qur2 |

IV. RESULTS AND DISCUSSION

In this section, numerical solutions of the governing sys-
tem of nonlinear partial differential equations (11) - (14),
subject to the boundary conditions (15) obtained using the
large parameter spectral perturbation method (LSPM) are
presented. To verify the accuracy of the LSPM, the present
numerical results are confirmed against the multi-domain
bivariate spectral quasilinearisation method (MD-BSQLM).
We remark that the multi-domain approach was applied only
in the ¢ direction. We further present the convergence of
the series solutions, residual error, the significance of the
system parameters on the fluid properties, the variation of the
local skin-friction coefficient, Nusselt number and Sherwood
number with different flow parameters. From our numerical
simulations it was observed that N, = 100 collocation
points in the space variable n and N; = 5 collocation
points for the transpiration parameter ¢ were sufficient to
give accurate results in all the spectral method discretization
done. Furthermore, the finite value selected to be largely used
to the boundary condition at infinity was set to be Lo, = 40
in the LSPM and L, = 10 in the MD-BSQLM, if not stated.
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Table I gives the LSPM numerical values of the local skin-
friction C'y,Gry 3/ 4, and local Nusselt number Nu,Gr. 1/4
for various values of the transpiration parameter &, and a
comparison with the MD-BSQLM numerical results and
results of Saha et al. [7] in the absence of mass, Soret,
Dufour, thermal radiation, heat generation and chemical
reaction parameters. A good agreement is achieved. From the
table, we observe that as there is an increase in the value of
the transpiration parameter the local skin-friction decreases
while the local Nusselt number increases. Table II shows
the computed values of the local skin-friction coefficient,
C’ngGr;BM, local Nusselt number NumGr;1/4 and local

Sherwood number Sh,Gry 1/4 for different values of Dufour
Df, and Soret Sr parameters. It is noticed from the table
that a good agreement between the LSPM and the MD-
BSQLM numerical solutions is observed. The table also
gives the order of LSPM series approximation k required
to obtain accurate results that are comparable with the MD-
BSQLM and are consistent up to six decimal places. It can
be seen from the table that more than one, two, or three of
the series terms or approximation is required to obtain the
results displayed in the table. This corroborates the fact, that
it is expedient to obtain higher order series approximation in
order to get accurate results.

Tables (III) - (VI) presents the variation of the solution
error of the approximate numerical solutions of F'(0,¢),
G(0,¢) ©(0,¢&) and ®(0,&) against increasing order (k)
of the LSPM series approximation for different values of
&. We observe the error reduces as the order of series
approximation increases. Also as ¢ becomes larger, the error
becomes smaller, this is because the series expansion was
done inversely proportional to &. This suggests that the
method is convergent. The success of the method is linked to
the fact that series expansion was done inversely about a large
parameter and the Chebyshev spectral collocation method
was used to solve the higher order perturbation equations in
the space direction.

The accuracy of the LSPM is confirmed by using the
solution error of the functions after a specified number of
series approximation. The solution error of the functions are
defined as:

Ep = ||Fry1 — Flloo,
Eg = [|Gr4+1 — Gilloo,
Eo = ||®k+1 — Olco,

Ep = [|®Prt1 — Prlloo- 47)

The errors defined by equation (47) are considered as
the solution based error where k& + 1, and k represents
the solution with the first k¥ + 1, k terms of the series
approximation, respectively. We remark that if the iterative
scheme is converging, the errors are expected to decrease
with an increase in the order of series approximation. In order
to further establish the accuracy of the LSPM numerical
method, we have also considered the residual error which
is a representation of the extent at which the solution of
the governing partial differential equations (19) - (22) is
approximated by the numerical solution. We substitute the
approximate solutions into equations (19) - (22) and deter-
mine the maximum norm of the residual error. Accordingly,

we define the maximum error of the residual as:
Res(G) = max ING [Fr(&,m), Gr(&,m] ],
) |N@ [Fk(gvn)v®k(£7n)"§k(£7n)]|:
)

|N<I> [Fk(£1 77)7 ®k(§) 77)7 @k(f, 77)} |1

= max
0<j<Ng

= max

4!
0<j<Ng “8)

where Np, N, No and Ng are the governing nonlinear
partial differential equations defined as:

_ M
Ne=F"4+F'4+O— —2[p! G
F + + 1+m2£ [ +m}
— l§*3 »F’LF, _F”ai]
4 . oe o€ ]’
Noe=c"+a - M €2 [G —mF']
1+ m?2
— 15—3 _F/BE _G/ai:|
4 L o¢ o]’
_ 1+ N
@:( J; R)e”+@’+§*2He@+qu>”
T
— l§*3 VF/@ _@’ai}
4 | o o]’
- 1 1 o oF
Neg = —" + & — 7250+ Sro" — Z¢—3 {F’—fé’—},
e =< + i + Sr 45 o€ o€

and Fi.(€,1),Gr(£,n), Or(&,n), and®y (£, n) are the LSPM
approximate solutions.

Figures 2 - 4 shows the tangential velocity, temperature
and transverse velocity profiles for the transpiration param-
eter £. The velocity and temperature profiles are reduced for
higher transpiration parameter values suggesting that as the
transpiration parameter increases, there is a decrease in the
fluid velocity and temperature. This is due to the suction
effects of the surface mass transfer. A similar trend for the
tangential velocity and temperature profiles was observed in
the study carried out by Saha et al. [7].

Figures 5 and 6 shows the effect of magnetic parameter
M on the tangential and transverse velocity profiles. We
note from the Figures that the tangential velocity diminishes
while the transverse velocity enhances. The flow pattern
observation recorded in Figure 5 is so because the magnetic
field acts as an opposing or resistive force on the fluid.
Further, the magnetic field has the tendency to slow down
the motion of the fluid. The variation of the Hall parameter
m on the tangential velocity and transverse velocity profiles
are displayed in Figures 7 and 8. We observe from Figure
7 that the tangential velocity profile is increased for higher
values m, while, in Figure 5, it can be seen from the graph
that there is a decrease in the transverse velocity profile when
increasing the Hall parameter.

We show the effect of the Dufour number Df on the
temperature profile in Figure 9. We observe an enhancement
of the temperature profile in Figure 9 as the Dufour number
is increased. We remark that there is always a gradual
decay of the temperature profile when the ratio between the
temperature and concentration gradient is very small.

The effect of heat generation parameter He is shown
in Figure 10. We observe here, as would be expected,
that the temperature profile is enhanced by increasing heat
generation for the shear thinning and shear thickening fluids.
In physical terms, the heat generation parameter increases
fluid temperature, and thus leads to an increase in the thermal
boundary layer thickness.
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TABLE I
—3/4
COMPARISON OF THE LSPM AND MD-BSQLM APPROXIMATE NUMERICAL SOLUTIONS RESULT FOR LOCAL SKIN FRICTION C', G 3/4 AND

—1/4
LOCAL NUSSELT NUMBER Nu;Gr, / AGAINST THOSE EXISTING IN LITERATURE FOR VARIOUS VALUES OF £ WHEN Pr = 0.7, M = 0.5,
m = 100, Sc = Sr = Ngp =0 = 0AND He = 0.

/

I3 CngGrg:3 4 NuzGrgl 4
LSPM MD-BSQLM [7] LSPM MD-BSQLM [7]
2.00 0.7084 0.7090 0.7086 1.4030 1.4027 1.4050
2.50 0.5714 0.5714 0.5717 1.7500 1.7500 1.7499
5.00 0.2857 0.2857 0.2857 3.5000 3.5000 3.5000
20.00 0.0714 0.0714 0.0714 14.0000 14.0000 14.0000
40.00 0.0357 0.0357 0.0357 28.0000 28.0000 28.0000
50.00 0.0286 0.0286 0.0286 35.0000 35.0000 35.0000
60.00 0.0238 0.0238 0.0238 42.0000 42.0000 42.0000
70.00 0.0204 0.0204 0.0204 49.0000 49.0000 49.0000
80.00 0.0179 0.0179 0.0179 56.0000 56.0000 56.0000
TABLE II

TABLE OF VALUES OF LOCAL SKIN-FRICTION COEFFICIENT, LOCAL NUSSELT NUMBER, COMPARISON OF THE LSPM AND MD-BSQLM
APPROXIMATE NUMERICAL SOLUTIONS RESULT FOR LOCAL SKIN FRICTION CfIGr;3/4, LOCAL NUSSELT NUMBER Nuchr;U4 AND LOCAL
SHERWOOD NUMBER Shchr;l/4 AGAINST MD-BSQLM NUMERICAL RESULTS FOR VARIOUS VALUES OF DUFOUR NUMBER D f AND SORET

NUMBER S WHEN £ =5, Pr = 0.7, M = 0.5, m = 100, Sc =1, He = 0.2, = 1, AND Nr = 0.2.

Df | Sr Cr.Gry " Nu,Gry /" ShyGry 7"
LSPM k MD-BSQLM LSPM k MD-BSQLM LSPM k MD-BSQLM
0.1 | 02| 0368198 6 0368198 | 2598939 8  2.508939 | 4708836 8  4.708836
03] 0368213 6 0368213 | 2613299 6 2613299 | 4462631 7 4462631
04| 0368228 6 0368228 | 2627831 6 2627831 | 4213487 8 4213487
05| 0368243 6 0368243 | 2642537 6 2642537 | 3961349 8  3.961349
06| 0368258 6 0368258 | 2657421 6 2657421 | 3706164 8  3.706164
02 [ 02| 0388675 6 0388675 | 2315250 6 2315250 | 4765445 8  4.765445
03| 0388706 7 0388706 | 2341068 8 2341068 | 4.544106 8  4.544106
04| 0388736 6 0388736 | 2367519 6 2367519 | 4317352 8 4317352
05| 0388766 6 0388766 | 2394625 6 2394625 | 4.084980 9  4.084980
06| 0388796 6 0388796 | 2422411 7 2422411 | 3846781 8 3846781
04 | 02| 0429630 6 0429630 | 1727084 6  1.727084 | 4882821 8  4.882821
03| 0429690 6 0429690 | 1765941 7 1765941 | 4716256 8 4716256
04 | 0429750 6 0429750 | 1806797 8  1.806797 | 4.541122 8 4541122
05| 0429810 6 0429810 | 1.849812 8 1849812 | 4356739 8  4.356739
06| 0429870 7 0429870 | 1895161 7  1.895161 | 4.162354 9  4.162354
05 [ 02| 0450108 7 0450108 | 1422093 7 1422093 | 4943690 O  4.943690
03| 0450182 6 0450182 | 1461868 7 1461868 | 4.807284 8  4.807284
04 | 0450257 6 0450257 | 1504269 8 1504269 | 4661874 O  4.661874
05| 0450332 8 0450332 | 1549565 8 1549565 | 4.506539 8  4.506539
06 | 0450406 6 0450406 | 1598064 8 1598064 | 4.340225 10 4340225
06 | 02| 0470584 6 0470584 | 1.109465 7  1.109465 | 5.006088 8  5.006088
03| 0470675 7 0470675 | 1.145928 7  1.145928 | 4901873 8 4901873
04 | 0470764 7 0470764 | 1.185358 8  1.185358 | 4789180 8  4.789180
05| 0470853 7 0470853 | 1228133 8 1228133 | 4.666932 8  4.666932
06| 0470942 7 0470942 | 1274698 8 1274698 | 4.533857 8  4.533857
TABLE III

SOLUTION ERROR OF F'(0,£) WITH INCREASE IN ORDER OF LSPM APPROXIMATION WHEN Pr = 0.7, M = 0.5, m = 100, Sc = 1, He = 0.2,

6 =1,AND N = 0.2.

E\E 5 10 15 20 25 30 40
1 7.28 x10~° 1.82 x10~5 | 8.09 x10=% | 455 x10=6 | 291 x10=% | 2.02 x10~© 1.14 x10~6
2 231 x10~7 | 1.44 x10~8 | 2.85 x107Y | 9.02 x10~10 | 3,70 x10~10 | 1.78 x10~11 | 5.64 x10~12
3 221 x1079 | 3.45 x10~11 | 3.03 x10712 | 540 x10~13 | 9.95 x10~14 | 4.74 x10~15 | 8.43 x10~16
4 1.11 x10~11 | 434 x10~14 | 1.69 x10~15 | 1.70 x10~16 | 2.84 x10~17 | 6.61 x10~18 | 6.62 x10~19
5 9.53 x10~ 14 | 931 x10~17 | 1.61 x10~18 | 9.09 x10~20 | 9.76 x10~21 | 1.58 x10~2! | 8.88 x10~23
6 422 x10716 | 1.03 x10719 | 7.95 x10722 | 2.52 x10~23 | 1.73 x1072% | 1.94 x10~2% | 6.15 x10—27
7 3.12 x10718 | 1.91 x10722 | 6.53 x10=25 | 1.16 x10~26 | 5.11 x10=28 | 3.98 x10—2° | 7.10 x10~3!
8 231 x10721 | 356 x10726 | 542 x10=29 | 544 x10~31 | 1.53 x1032 | 8.28 x10~34 | 8.30 x10~36
9 7.87 x10723 | 3.00 x10728 | 2.03 x10731 | 1.14 x10733 | 2.06 x10735 | 7.75 x10~37 | 4.37 x10~39
10 | 3.15 x10724 | 3.01 x10739 | 9.04 x10734 | 2.87 x10736 | 3.31 x1073% | 8.63 x10~40 | 2,74 x10—42

The effect of radiation parameter Ny on the temperature
profile is displayed in Figure 11. We note from the figure that
an increase in the radiation parameter results in an increasing
temperature profile within the boundary layer. This is due to
an increase in thermal boundary layer thickness.

Figure 12 illustrates the effect of the Prandtl number Pr
on the temperature profile. The temperature profile, as well

as the thermal boundary layer thickness, diminishes with
increasing Pr. The effect is more pronounced with smaller
values of Pr because smaller values of Pr increases the
thermal conductivity of the fluid and hence heat diffuses
away more rapidly from the heated surface than for higher
values of Pr.

Figures 13 represent the concentration profile for different
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SOLUTION ERROR OF G(0, £) WITH INCREASE IN ORDER OF LSPM APPROXIMATION WHEN Pr = 0.7, M = 0.5, m = 100, Sc = 1, He = 0.2,
6 =1, AND Nr = 0.2.

TABLE IV

SOLUTION ERROR OF ©(0, £) WITH INCREASE IN ORDER OF LSPM APPROXIMATION WHEN Pr = 0.7, M = 0.5, m

6 =1,AND N = 0.2.

E\E 5 10 15 20 25 30 40
1 1.14 x10~% | 2.84 x10~7 126 x10~=7 | 7.10 x10~% | 4.51 x10~% | 3.15 x10~% 1.77 x1079
2 227 x1079 | 1.42 x10~10 | 2.80 x10~11 | 8.85 x10~12 | 3.62 x10~12 | 1.75 x10~13 | 5.53x10~14
3 278 x10712 | 435 x10~14 | 3.82 x10~1% | 6.79 x10~16 | 1.78 x10~16 | 5.96 x10~17 | 1.06 x10~18
4 1.01 x10~13 | 393 x10~16 | 1.53 x10~17 | 1.54 x10~18 | 2.58 x10~19 | 5.99 x10~29 | 6.00 x10—2!
5 3.95 x10716 | 3.86 x10719 | 6.69 x10~21 | 3.77 x10722 | 4.05 x10~23 | 6.54 x10~24 | 3.68 x10~2°
6 5.03 x10718 | 1.23 x10721 | 9.46 x10—24 | 3.00 x10~2% | 2.06 x10~26 | 2.31 x10~27 | 7.32 x10~29
7 1.96 x10720 | 1.20 x10™24 | 4.10 x10727 | 7.30x10~29 | 321 x10730 | 2,50 x10=31 | 4.45 x10~33
8 2.16 x10722 | 3.30 x10727 | 5.02 x1073% | 5.03 x10732 | 1.42 x10733 | 7.66 x10~3° | 7.68 x10~37
9 1.16 x10725% | 4.44 x1073% | 3.00 x1073% | 1.69 x10736 | 3.05 x10738 | 1.15 x1073° | 6.46 x10~42
10 | 2.11 x10727 | 2.01 x10733 | 6.05 x10737 | 1.92 x10739 | 2.21 x10~41 | 577 x10~43 | 1.83 x10~45
TABLE V

100, Sc =1, He = 0.2,

SOLUTION ERROR

OF ®(0, &) WITH INCREASE IN

ORDER OF LSPM APPROXIMATION WHEN Pr = 0.7, M = 0.5, m

6 =1,AND Np =0.2.

E\E 5 10 15 20 25 30 40
1 123 x10~3 | 3.08 x10— % 1.37 x10~4 7.71x10—° 493 x10~° | 3.43 x10~° 1.93 x10~6
2 3.87 x1076 | 242 x10~7 | 4.77 x10~8 1.51 x10~% | 6.19 x10~92 | 298 x10~9 | 9.44 x10~10
3 2.83 x1078 | 4.42 x10~10 | 3.88 x10~1 | 6.91 x10~12 | 1.81 x10~13 | 6.07 x10~14 | 1.08 x10~15
4 1.50 x10~10 | 587 x10~13 | 229 x10~14 | 2.65 x10~1% | 3.85 x10~16 | 8.95 x10~17 | 8.96 x10~18
5 1.01 x10~12 | 9.85 x10~16 | 1.71 x10~17 | 9.62 x10~19 | 1.03 x10720 | 1.67 x10—2! | 9.39 x10—22
6 4.66 x10~15 | 1.14 x10~18 | 877 x10~2! | 2.78 x10722 | 1.91 x10~23 | 2.14 x10~24 | 6.78 x10—26
7 220 x10~17 | 1.34 x10721 | 4.59 x10—24 | 8.18 x10726 | 3.60 x10—27 | 2.80 x10—28 | 4.99 x10—30
8 1.23 x10~19 | 1.87 x1072% | 2.85 x10727 | 2.86 x10729 | 8.05 x10~31 | 4.35 x10732 | 4.36 x10—34
9 2.01 x10721 | 7.67 x10727 | 5.19 x1073% | 2.93 x10732 | 527 x1073% | 1.98 x1073°% | 1.12 x10~37
10 | 3.45 x10723 | 329 x107292 | 9.89 x10733 | 3.14 x10735 | 3.62 x10737 | 943 x10739 | 2.99 x10—4!

TABLE VI

100, Sc =1, He = 0.2,

E\E 5 10 15 20 25 30 40
1 2.79 x10~3 | 6.99 x10~% | 3.11 x10~% 1.75 x10~% 1.12 x10=% | 7.76 x10~° | 4.37 x10~°
2 128 x1075 | 7.99 x10~7 | 1.58 x10~7 | 4.99 x10~% | 2.04 x10=8 | 9.86 x10~Y | 3.12 x10~10
3 7.30 x10—8 1.14 x1079 | 1.00 x10710 | 1.78 x10~11 | 4.67 x10~12 | 1.57 x10~13 | 2.79 x10~14
4 4.10 x10710 | 1.60 x10712 | 3.36 x10~14 | 6.26 x10~15 | 1.05 x10~16 | 2.44 x10~17 | 2.44 x10~18
5 229 x10712 | 223 10715 | 3.87 x10~17 | 2.18 x10~18 | 2.34 x10~19 | 3.78 x10~20 | 2.13 x10~2!
6 1.07 x10~14 | 2.62 x10718 | 2,02 x10720 | 6.39 x10722 | 439 x1023 | 492 x10~24 | 1.56 x10~2°
7 320 x10717 | 1.96 x10721 | 6.70 x10~2% | 1.19 x1072% | 525 x10~27 | 4.09 x10~28 | 7.29 x10~30
8 3.98 x10719 | 6.07 x10724 | 9.25 x10727 | 9.27 x10729 | 2.61 x10730 | 1.41 x10~531 | 1.41 x10~33
9 6.46 x10721 | 247 x10726 | 1.67 x10=29 | 941 x10729 | 1.69 x1033 | 6.36 x10~3% | 3.59 x10~37
10 | 7.89 x10723 | 7.53 x10~29 | 2.26 x10732 | 7.18 x1073% | 8.28 x10737 | 2.16 x10~38 | 6.85 x10—41

values of Soret number Sr. We observe from the figure
that the concentration profile increase with the increasing
values of Sr. This is beacause the mass flux produced by
the temperature gradient increases the concentration profile.

In Figure 14, the effect of the chemical reaction parameter
0 on the concentration profile is given. It is noticed that there
is a decrease in the concentration profile when increasing
the chemical reaction parameter. Physically, this implies that
for a higher chemical reaction, there is a decrease in the
chemical molecular diffusivity, leading to a reduction in mass
diffusion, a decrease in the concentration of the diffusing
species, which in turn leads to a thinning of the concentration
boundary layer.

Figure 15 is drawn for concentration profile for different
values of the Schmidt number Sc. We noticed from this
figure that the effect of Schmidt number Sc is to decrease
the concentration profile for lower values of Sc in the solutal
boundary layer. As should be expected, the mass transfer
rate decreases as Sc increases, that is, a decrease in the
Schmidt number Sc decreases the concentration boundary
layer thickness, which is attributed with the reduction in the
concentration profile. Physically, the increase of Sc implies a

decrease of molecular diffusion. Therefore, the concentration
of the species is higher for large values of Sc and lower for
small values of Sc.

The effect of magnetic parameter M on the local skin-
friction C'y,Grs 3/4 against the transpiration parameter &, is
analyzed in Figure 16. It is observed that the local skin-
friction decreases when the magnetic parameter increases. It
is expected to have such observation because the amount
of magnetic field inside the boundary layer enhances the
Lorenz force that opposes the flow significantly in the reverse
direction. Hence, the magnetic field serves as a retarding
force that significantly decreases the coefficient of the local
skin-friction.

Figure 17 depicts the effect of Hall parameter m on
the local skin-friction C¢,Grs 8/4 against the transpiration
parameter £. From the figure, it is noted that the local skin-
friction is enhanced by increasing the hall parameter. The
Hall parameter is seen to support the fluid flow inside the
boundary and thereby causing a rise in the skin-friction.

Figure 18 illustrates the effect of Dufour number D f
on the local Nusselt number Nu,Gry v 4 Tt is observed
that there is a decrease in the local Nusselt number when
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increasing the Dufour number.

Figure 19 display the effect of Soret number Sr on
the local Sherwood number Sh,Gr, 1/ 1 We observe from
Figure 19 that an increase in the values of Soret number
leads to a decrease in the Sherwood number.

Figures 20 - 23 are plotted to show the solution error of
F, GG, © and ® against increasing order of the LSPM series
approximation for different values of transpiration parameter
&. The errors are known to be the difference between approx-
imate values of the functions at two successive order of series
approximation. The decrease in the solution error as the order
of approximation increases is an indication that the numerical
scheme converges. It can be seen that the error appears to be
very small after ten order of approximation. This is because
the series expansion was done inversely proportional to &.
This observation correlate with earlier observation made in
I - VL.

V. CONCLUSION

We have investigated MHD laminar convection flow from
a vertical permeable flat plate with uniform surface tempera-
ture, Soret, Dufour, chemical reaction and thermal radiation.
The transformed equations gave rise to coupled nonlinear
partial differential equations. We have generated approximate
numerical solutions of the coupled nonlinear system of
partial differential equations using a large parameter spectral
perturbation method. The study particularly aims at demon-
strating that the large parameter spectral perturbation method
can be used as a numerical tool for solving fluid mechanics
problems related to the one considered in this investigation
which has the Soret and Dufour effects and cannot be solved
exactly even with methods that look for series solutions.
Furthermore, numerical simulations were carried out to show
the effects of the pertinent flow parameters on the flow
model. The fluid temperature was found to increase with
Dufour number while the local Nusselt number decreases
with an increase in the values of Dufour number. The heat
generation and thermal radiation parameter were found to
increase both the temperature and thermal boundary layer
thickness. The Soret number was reported to increase the
fluid concentration while a reverse effect was observed on
local Sherwood number with the increase in Soret number.
In addition, the fluid concentration decreases with both the
chemical reaction parameter and Schmidt numbers. Other
flow parameter analysis were seen to be in agreement with
those reported in the literature. Again, numerical compu-
tations were performed to show the convergence and ac-
curacy of the LSPM. It was observed that the accuracy
of the method improves as & becomes larger and as the
order of series approximation increase with the residual and
solution errors tending towards zero. The results from this
investigation show that the LSPM is accurate, converges
faster, easy to use and also gives accurate results valid for
large values of the transpiration parameter £. The LSPM
numerical method validation was confirmed by comparing
with the multi-domain bivariate spectral quasilinearization
method and a good agreement was achieved between the two
sets of results. The LSPM and MD-BSQLM approximate
numerical solutions were also found to be in agreement
with those existing in the literature. The methods used in
this study turned out to be successful thereby making it a

reliable numerical tool for solving coupled nonlinear system
of coupled partial differential equations similar to the one
investigated in this study.
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Fig. 2. Tangential velocity profile F’(&,n) for different values of
transpiration parameter £, when M = 0.5, m = 2, Pr = 0.01, Sr =
Sc=8=Nr=Df =0, and He = 0.
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Fig. 3. Temperature profile ©(&,n) for different values of transpiration
parameter £, when M = 0.5, m = 2, Pr = 0.01, Sr = Sc = § =
Nr=Df =0, and He = 0.
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Fig. 4. Transverse velocity profile G(&,n) for different values of transpi-  Fig. 6. Transverse velocity profile G(&,n) for different values of magnetic
ration parameter £, when M = 0.5, m = 2, Pr = 0.01, Sr = Sc = field parameter M, when { =4, Sr =0.6, Pr =0.7, Df = 0.6, Sc =

d=Nrp=Df =0, and He = 0. 1, m=2 Ngr=0.2,0=1, and He = 0.2.
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Fig. 5. Tangential velocity profile F’ (&, n) for different values of magnetic ~ Fig. 7.  Tangential velocity profile F/(&,7) for different values of Hall
field parameter M, when £ =4, Sr = 0.6, Pr = 0.7, Df = 0.6, Sc =  parameter m, when £ = 4, Sr = 0.6, Pr = 0.7, Df = 0.6, Sc =
1, m=2 Ngp=0.2 6=1, and He = 0.2. 1, M =05, Np =0.2, § =1, and He = 0.2.
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Fig. 8. Transverse velocity profile G(&,n) for different values of Hall
parameter m, when £ = 4, Sr = 0.6, Pr = 0.7, Df = 0.6, Sc =
1, M =05, Np =0.2, § =1, and He = 0.2.
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Fig. 9. Temperature profile ©(&,n) for different values of Dufour number
Df, when £ = 4, Sr = 0.6, Pr = 0.7, M = 05, Sc =1, m =
2, Np =0.2,5 =1, and He = 0.2.
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Fig. 10. Temperature profile ©(&, n) for different values of heat generation
parameter He, when £ = 4, Sr = 0.6, Pr = 0.7, M = 0.5, Sc =
1, m=2, Ngp=02,6=1,and Df = 0.6.
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Fig. 11.  Temperature profile ©(&,n) for different values of radiation
parameter Ngr, when £ = 4, Sr = 0.6, Pr = 0.7, M = 0.5, Sc =
1, m=2 He=0.2,0=1, and Df = 0.6.
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Fig. 12. Temperature profile © (&, n) for different values of Prandtl number ~ Fig. 14.  Concentration profile ®(&,n) for different values of chemical
Pr, when§ =4,Sr =0.6, Ng = 0.2, M =0.5,Sc=1,m =2, He = reaction parameter 6, when £ = 4, Pr = 0.7, Ngp = 0.2, M = 0.5, Sc =

0.2, §=1, and Df = 0.6. 1, m=2, He=0.2, Sr = 0.6, and Df = 0.6.
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Fig. 13. Concentration profile ® (&, n) for different values of Soret number ~ Fig. 15.  Concentration profile ®(&,7) for different values of Schmidt
Sr, whené =4, Pr =0.7, Ng =02, M =0.5,Sc=1,m =2,He = number Sc, when { =4, Pr=0.7, Ng =02, M =05,6d=1, m =
0.2, §=1,and Df = 0.6. 2, He=0.2, Sr =0.6, and Df = 0.6.
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Fig. 16. Local skin-friction Cy,Gr / for different values of Magnetic Magnetic parameter M against transpir:tiorf parameter ¢, when Pr —
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Fig. 19. Local Sherwood number Shy;Gr, /4 for different values of Hall

parameter m against transpiration parameter £, when Pr = 0.7, Np =
02, M = 05,6 = 02, m = 2, He = 0.2, Sr = 0.6, Sc =
0.2, and Df = 0.6.

Fig. 17. Local skin-friction C'y, Gry 3/4 for different values of Hall param-
eter m against transpiration parameter £, when Pr = 0.7, Ng = 0.2, M =
05,0=1, m=2, He=0.2, Sr=0.6, Sc=1, and Df = 0.6.
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Fig. 20. Solution error E'r against increasing order (k) of LSPM series
approximation for different values of transpiration parameter £, when Pr =
0.7, Np =02, M =0.5,=1, m=2, He=0.2, Sr =0.6, Sc =
1, and Df = 0.6.
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Fig. 21.  Solution error F¢ against increasing order (k) of LSPM series

approximation for different values of transpiration parameter £, when Pr =
0.7, Np =02, M =05,6d=1, m=2, He=0.2, Sr = 0.6, Sc =
1, and Df = 0.6.

Solution error Eg against increasing order (k) of LSPM series

Fig. 22.
approximation for different values of transpiration parameter £, when Pr =
0.7, Np =02, M =05,6d=1, m=2, He=0.2, Sr = 0.6, Sc =
1, and Df = 0.6.
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Fig. 23.  Solution error Eg against increasing order (k) of LSPM series

approximation for different values of transpiration parameter £, when Pr =
0.7, Np =02, M =05,6d=1, m=2, He=0.2, Sr = 0.6, Sc =
1, and Df = 0.6.
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