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Abstract

agreement with the existing results.

The effects of mixed convection with thermal radiation and chemical reaction on MHD flow of viscous,
incompressible and electrically conducting fluid on a moving inclined heated porous plate is analyzed. The non-
linear coupled partial differential equations are solved by perturbation technique. The influence of different pertinent
parameters such as Grashof number (Gr), modified Grashof number (Gm), magnetic field parameter (M), heat
source parameter (¢), chemical reaction parameter (y), Schmidt number (Sc) and angle of inclination (a) on velocity,
temperature and concentration distribution have been studied and analyzed with the help of graphs. An analysis
of the coupled heat and mass transfer phenomena is provided in detail. We observed that velocity decreases for
increasing values of the angle of inclination a. The results of the present study are compared with the results
obtained by Chaudhary et al. and Dulal et al. in the absence of angle of inclination; our results appear to be in good

Keywords: Heat and mass transfer; Viscous and Ohmic dissipation;
Radiation; Chemical reaction; Inclined; Porous plate

Introduction

The convective heat and mass transfer flows in porous medium
find a number of applications in many branches of science and
technology like chemical industry, cooling of nuclear reactors. MHD
power generators, geothermal energy extractions processes, petroleum
engineering etc. [1,2]. Convective boundary layer flow problems in the
cases of horizontal and vertical flat plates have been investigated quite
extensively. The boundary layer flows adjacent to inclined plates or
wedges have received less attention. The study of Sparrow et al. [3] is
related to the convection flow about an inclined surface in which the
combined forced and free boundary layer problem has been discussed
using the similarity method. Chaudhury [1] have analyzed the effect
of radiation on heat transfer in MHD mixed convection flow with
simultaneous thermal and mass diffusion from an infinite vertical
plate with viscous dissipation and Ohmic heating. Dulal [2] studied
the combined effect of mixed convection with thermal radiation and
chemical reaction on MHD flow of viscous and electrically conducting
fluid past a vertical permeable surface embedded in a porous medium.
Singh [4] studied Heat and Mass Transfer in MHD Boundary Layer
Flow past an Inclined Plate with Viscous Dissipation in Porous
Medium. Cheng [5] studied the convective flow problem about an
inclined surface through porous medium. Mansour [6] studied the
boundary layer analysis has been presented for the free convection flow
pastan inclined surface in a Newtonian fluid-saturated porous medium.
Chen [7] investigated the heat and mass transfer characteristics of
MHD natural convection flow over a permeable, inclined surface with
variable wall temperature and concentration, taking into consideration
the effects of Ohmic heating and viscous dissipation. Hossain [8] have
studied the convection flow from an isothermal plate inclined at a small
angle to the horizontal. Dulal pal [9] investigated the unsteady mixed
convection with thermal radiation and first order chemical reaction
on magnetohydrodynamic. Noor [10] studied the problem involving
the conjugate phenomenon of heat and mass transfer analytically.
Bhuvaneswari [11] analyzed on the magnetohydrodynamic (MHD)
free convection flow with simultaneous effects of heat and mass transfer.

Ziyauddin [12] developed closed form exact solutions for the unsteady
MHD free convection flow of a viscous fluid over an inclined plate
with variable heat and mass transfer in a porous medium. Alam [13]
studied the combined effect of viscous dissipation and Joule heating on
steady MHD free convective heat and mass transfer flow of a viscous
incompressible fluid past a semi-infinite inclined radiate isothermal
permeable moving surface in the presence of thermophoresis. Ganesan
et al. [14] studied the problem of unsteady natural convection flow of
a viscous incompressible electrically conducting fluid past an inclined
plate with variable heat and mass flux’s. Orthan Aydm et al. [15] studied
MHD mixed convective heat transfer flow about an inclined plate.
Thermo diffusion and chemical effects with simultaneous thermal
and mass diffusion in MHD mixed convection flow with Ohmic
heating was studied by Reddy et al. [16]. Unsteady MHD radiative and
chemically reactive free convection flow near a moving vertical plate
in porous medium was studied by Reddy et al. [17]. MHD convective
flow through porous medium in a horizontal channel with insulated
and impermeable bottom wall in the presence of viscous dissipation
and Joule heating was considered by Raju et al. [18]. Combined effects
of heat absorption and MHD on convective Rivlin-Ericksen flow past
a semi-infinite vertical porous plate were investigated by Ravikumar et
al. [19]. Analytical study of MHD free convictive, dissipative boundary
layer flow past a porous vertical surface in the presence of thermal
radiation, chemical reaction and constant suction was carried out by
Raju et al. [20]. Thermal diffusion effect on MHD mixed convection
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unsteady flow of a micro polar fluid past a semi-infinite vertical porous
plate with radiation and mass transfer was studied by Mamatha et al.
[21]. Unsteady MHD free convection flow of a Kuvshinski fluid past
a vertical porous plate in the presence of chemical reaction and heat
source/sink was studied by Reddy et al. [22]. Motivated by the above
studies, in this manuscript an attempt is made to investigate the effects
of mixed convection with thermal radiation and chemical reaction on
MHD flow of viscous, incompressible and electrically conducting fluid
on a moving inclined heated porous plate.

Mathematical Formulation

Consider a laminar boundary layer flow of a viscous incompressible
electrically conducting and heat absorbing fluid past a semi-infinite
moving permeable plate inclined at an angle a in vertical direction
embedded in a uniform porous medium, which is subject to thermal
and concentration buoyancy effects. The wall is maintained at a
constant temperature T, and concentration C_higher than the ambient
temperature T and concentration C_ respectively. Also it is assumed
that there exists a homogeneous chemical reaction of first order with
rate constant R between the diffusing species and the fluid. With these
physical considerations, the equations governing the fluid. Based on the
above assumptions the governing equations that describe the physical

situation can be given in Cartesian frame of reference as
Continuity Equation:
ov
—=0=>v =-y, (1)
%

Momentum Equation:

* 2+
pv* 2:* =u ny:z —%u* —o‘Bgu* +pgﬁ'T(T* —Tw)cosa +pg,6'C(C* —C,,o)cosa (2)
Energy Equation:
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Concentration Equation:

«oc" 2" * (4)
v =D—*—R(C 7600)
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The radiative heat flux is given by

2;1%:4@* —Tm)l’ )

0
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Where ! :J.K/lw ot d2, Kjwis the absorption coefficient at
0

the wall and e, is Planck’s function. Under these assumptions the
appropriate boundary conditions for velocity, temperature and

concentration fields are defined as
u' =0T =T,,C"=C, aty=0 (6)
zf—)O,T*—>TDO,C*—>COO as Y —> ™ 7)

Introducing the following non-dimensional quantities

W * * K*v2
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The basic field eqs (2) - (4), can be expressed in non- dimensional
form as
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d*u  du 5 1
—+——| M +— |u=—Grcosa—Gmcosa ©)
4% _ do du'\
—2+Pr—+PrEc[—uJ —Pr(F +¢)+PrEcM?u? =0 (10)
dy dy dy
d’c dc
S5 +Sce==ScyC=0 (11)
dy dy

Where M is the magnetic parameter, K is the permeability
parameter, Gr is the Grashof number, Gm is the modified Grashof
number, a is the angle of inclination, y is the chemical reaction
parameter, Pr the Prandtl number, Ec is the Eckert number, F is the
radiation parameter, ¢ is the heat source parameter and Sc is the
Schmidt number defined as follows:

Py (.-T,)
Vou

' Qv v

_pgbV(C,=C) . HC, Ry v

Pr=—=Fy=— FEc=———+—.
Vo o T et

Gr

,Gm
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The corresponding boundary conditions in non-dimensional form
are:

u=0,0=1,C=1 aty=0 (12)
u—>0,0 >0,C—>0as y—>» (13)
Method of Solution

The set of partial differential equations (9) - (11) cannot be
solved in closed form. However they can be solved analytically after
reducing them into a set of ordinary differential equations by taking the
expressions for velocity u(y), temperature 6(y) and concentration C(y)
[9] in dimensionless form as follows:

u(y)=u0(y)+Ecu1(y)+O(Ecz) (14)
0(y) =0 () + ety (v)+0(E? (15)

16
C(y):Co(y)+EcC1(y)+O(Ec2) (16)
Substituting (14)-(16) in (9) - (11) and equating the coefficients of
zeroth order of Eckert number (constants), and neglecting the higher
order of O(Ec?) and simplifying to get the following set of equations

ug +ug — pug = =G0y — G,Cy (17)
G5 +Préy—Pr(F+¢)6,=0 (18)
Cp+ScCy—ScyCy =0 (19)
Equating the coeflicients of first order of Eckert number, we get

up+uy = piy = =G0, = GGy (20
0] + P —Pr(F + )0, +Prug +Pr M*u} =0 21
CJ+8cC} —ScyC, =0 (22)

Where prime denotes ordinary differentiation with respect to ‘y’
and

1
P :M2 +E,G1 =Grceosa,Gy =Gmceosa
The corresponding boundary conditions are:

Uy =04, =0,6,=1,6,=0,C, =1,C; =0 at y=0 (23)
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uy = 0,u; > 0,6y - 0,6, > 0,C; > 0,C; >0 as y—>© (24)

Using boundary conditions (23) and (24), the solutions of (17) -
(22), we obtain the following expressions for velocity, temperature and
concentration.

Uy = AS (e Agy _e_AlJ’ ) + A6 (e—AU’ _e—m13') (25)
90 — e_Al)’ (26)
Cyme™ (27)

1 :817[‘4‘)' 731027/*'}’ +8“672A‘)’+312272A4y731357;“"y +Bl4272m‘)'7815673'y +Bme’Bﬂ (28)
0, = Boe™™ —Bye 24 — B2 4 Bemh0Y _B 7MY 4B 7B _ BBy (29)
C, =0 (30)

Substituting the above solutions (25)-(30) in (14)-(16), we get the
final form of velocity,

Temperature, concentration distributions in the boundary layer as
follows
u(y)=4As (e_A“y - e_A'~V)+ A (e_A4y —e MY ) + Ec(B]7e_A4y - B Oe_Aly +B ]e_ZA'~V 31)

24,y
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—m
C ( y) =e MY (33)

The physical quantities of interest are the wall shear stress 7 is
given by

*

1%
=] (o)
=0

The local skin friction factor C__is given by
Bi7ds = BioA + 2By 14 + 2By Ay —
Bi3 Ao +2Bi4my = BysBy + Bys By

Cpo=-22=1(0)= dg (my — Ag) + A5 (4~ 4) - E([

(34)
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The local surface heat flux is given by:

or’
qyw = K—=

oy

y'=0
Where k is the effective thermal conductivity. The local Nusselt

w .
number Nuy = T _7.) can be written as
( w 00)
R
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Cx Y=o

The local surface mass flux is given by

Sh, B oC
Re

- =m (36)
O

y=0

Where Re, = %0* s the local Reynolds number.
v

Results and Discussion

The results are showing the nature of the effects of the parameters
like Grashof number Gr, modified Grashof number Gm, angle
of inclination a, Prandtl number Pr, magnetic field M, radiation
parameter F, Schmidt number Sc, heat source parameter ¢, chemical
reaction parameter y and permeability parameter K on velocity,
temperature and concentration profiles are displayed with the help of

graphical illustration.

Figure 1 shows the effects of angle of inclination a on velocity
profile. We observed that the velocity decreases for increasing the
angle of inclination a. The effects of Grashof number Gr on velocity
distribution are presented in Figure 2, from this figure we noticed
that the velocity increases as Grashof number Gr increases. In Figure
3 the effects of magnetic parameter M on velocity is shown. From
this figure we observed that the velocity decreases as M increasing in
case of cooling of the plate. The effects of heat source parameter ¢, on
velocity is shown in Figure 4. It is noticed that the velocity decreases
as ¢ increases. In Figures 5 and 6 the velocity profile increases as
permeability parameter K and modified Grashof number Gm increase
respectively. Figure 7 shows that velocity decreases with increase in the
value of Radiation parameter F. Figure 8 depicts that velocity decreases
as chemical reaction parameter y increases. In Figure 9 we observe
that velocity decreases as Schmidt number Sc increases. In Figure 10
we observe that velocity decreases as Prandtl number Pr increases
Figure 11 represents graph of temperature distribution decreases with
the increase of radiation parameter F. Similar effect is seen by value
of heat Source parameter ¢ as shown in Figure 12. Figures 13 and 14
represent the effects of chemical reaction parameter y and Schmidt

0.18 T T T T T T T
0.16 4
0.14f 4
0.12 4
| —a=0°
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|
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Figure 1: Velocity profiles for different values of a. Pr=0.7, M=2.0, Sc=0.6,
F=3.0, K=0.5, y=0.1, Gr=4.0, Gm=2.0, ¢=2.0, E=0.01.

0.3

0.2f | B

Figure 2: Velocity profiles for different values of Gr. Pr=0.7, M=2.0, Sc=0.6,
F=3.0, K=0.5, y=0.1, Gm=2.0,Gr=4.0, ¢=2.0, a=30°, E=0.01
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Figure 3: Velocity profiles for different values of M. Pr=0.7, Sc=0.6, F=3.0,
K=0.5, y=0.1, Gm=2.0, Gr=4.0, ¢=2.0, a=30°, E=0.01.

Figure 6: Velocity profiles for different values of GmPr=0.7, M=2.0, Sc=0.6,
F=3.0, K=0.5,y=0.1, Gr=4.0, a=30°, ¢=2.0, E=0.01.

0.3 T T T T T T T

Figure 4: Velocity profiles for different values of ¢: Pr=0.7, M=2.0, Sc=0.6,
F=3.0, K=0.5, y=0.1, Gm=2.0, Gr=4.0, a=30°, E=0.01.

0.3

Figure 7: Velocity profiles for different values of F. Pr=0.7, M=2.0, Sc=0.6,
K=0.5, y=0.1, Gm=2.0, Gr=4.0, a=30°, ¢=2.0, E=0.01.

Figure 5: Velocity profiles for different values of K. Pr=0.7, M=2.0, Sc=0.6,
F=3.0, y=0.1, Gm=2.0, Gr=4.0, a=30°, ¢=2.0, E=0.01.

0.3

Figure 8: Velocity profiles for different values of y. Pr=0.7, M=2.0, Sc=0.6,
K=0.5, F=3.0, Gm=2.0, Gr=4.0, a=30°, ¢=2.0, E=0.01.
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Figure 9: Velocity profiles for different values of Sc. Pr=0.7, M=2.0, K=0.5,

F=3.0, Gm=2.0, Gr=4.0, y=0.1, a=30°, $=2.0, E=0.01. Figure 12: Temperature profiles for different values of ¢. Pr=0.7, Sc=0.6,

M=2.0, k=0.5, Gm=2.0, Gr=4.0,y=0.1, a=30°, E=0.01.
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Figure 10: Velocity profiles for different values of Pr, M=2.0, K=0.5, F=3.0,
Gm=2.0, Gr=4.0, y=0.1, a=30°, ¢=2.0, Sc = 0.6, E=0.01.
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Figure 11: Temperature profiles for different values of F. Pr=0.7, Sc=0.6,

M=2.0, k=0.5, Gm=2.0, Gr=4.0, y=0.1, a=30°,¢=2.0, E=0.01. Figure 14: Concentration profiles for different values of Sc y=0.1, E=0.01.
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F Chaudhary et al. [1]
c'x NuJRsx SthRex Cfx
1.0 1.6362 1.2515 -0.6000 1.6362
2.0 1.5620 1.5800 -0.6000 1.5620
3.0 1.5137 1.8376 -0.6000 1.5137
4.0 1.4781 2.0568 -0.6000 1.4781
5.0 1.4499 2.2508 -0.6000 1.4499

Dulal pal et al. [2]

Present results with a=30°

N, R, Shx/R,, C, N, /R, Shx/R,,
1.2515 -0.6000 1.4167 1.2529 -0.6000
1.5800 -0.6000 1.3525 1.2809 -0.6000
1.8376 -0.6000 1.3108 1.8384 -0.6000
2.0568 -0.6000 1.2799 2.0574 -0.6000
2.2508 -0.6000 1.2556 2.2514 -0.6000

Table 1: Comparison of present results with those of Chaudhary et al. [1] and Dulal Pal et al. [2] with different values of F for C., Nu /Re , Sh /Re, with Pr=0.7, Sc=0.6,

M=2.0, Gr=2.0, Gm=2.0, a=30°, E=0.01, K==, ¢=0, y=0.

Sc Dulal pal et al. [2] Present results with a=30°
C. N, /R Shx/R_ C. N, /R, Shx/R_
0.2 1.8662 2.0557 -0.2732 0.9327 2.0566 -0.2732
0.4 1.7916 2.0562 -0.4828 0.8955 2.0571 -0.4828
0.6 1.7302 2.0566 -0.6873 0.8649 2.0574 -0.6873
0.8 1.6779 2.0569 -0.8899 0.8388 2.0576 -0.8899
1.00 1.6327 2.0572 -1.0916 0.8162 2.0578 -1.0916

Table 2: The effects of Schmidt number Sc on C,, Nu,/Re,, Sh /Re for reference values of Pr=0.7, M=2.0, Gr=4.0, Gm=2.0, E=0.01, K=0.5, ¢=1.0, y=0.1.

M Dulal pal et al. [2] Present results with a=30°

C. N, /R, Shx/R_, C. N, /R, Shx/R_,
1.0 2.1956 2.0554 -0.6873 1.9012 2.0564 -0.6873
1.5 1.9538 2.0560 -0.6873 1.6919 2.0569 -0.6873
2.0 1.7302 2.0566 -0.6873 1.4989 2.0574 -0.6873
25 1.5389 2.0571 -0.6873 1.3326 2.0577 -0.6873
3.0 1.3791 2.0575 -0.6873 1.1943 2.0580 -0.6873

Table 3: The effects of Schmidt number M on C

x’

number Sc on concentration profile. The increasing the values of y and
Sc decreases concentration profile. In all the above figures the value of
Eckert number the velocity profile decreases as radiation parameter F,
chemical reaction y and E is 0.01. The results of the present study also
compared with the results obtained by Chaudhary et al. [1], and Dulal
et al. and found to be in good agreement with the existing results.

We computed in addition with angle of inclination a for various
physical parameters for skin-friction coefficient, local Nusselt number
and local Sherwood number [2]. The computed results are tabulated in
Tables 1-3.

Conclusions

The effects of mixed convection with thermal radiation and
chemical reaction on MHD flow of viscous, incompressible and
electrically conducting fluid on a moving inclined heated porous plate
is analyzed. The non-linear coupled partial differential equations are
solved by perturbation technique. The influence of different pertinent
parameters on velocity, temperature and concentration distribution
have been studied and analyzed with the help of graphs. In this study
the following conclusions are made.

1. Velocity decreases for increasing values of the angle of inclination
a, magnetic parameter M, heat source parameter ¢, Radiation
parameter F, chemical reaction parameter and Schmidt number Sc
where as it shows reverse tendency in the case of Grashof number Gr,
permeability parameter K and modified Grashof number Gm.

2. Temperature distribution decreases with an increase in radiation
parameter F and heat Source parameter ¢.

Nu,/Re,, Sh /Re for reference values of Pr=0.7, Sc=0.6, Gr=4.0, Gm=2.0, E=0.01, K=0.5, ¢=1.0, y=0.1.

3. Concentration boundary layer decreases with an increase in
chemical reaction parameter y and Schmidt number Sc.

Appendix
Sc++/Sc* +4Scy Pr+ [Pr*+ 4Pr(F +¢) 1+m
m = > A = > A= 5
G, G
A =—— Ay =——2 s =4+ 4,
A4 -4 -p my—m —p

A=A+ A, B, =A,+m,B, =4 +m,

Pra (47 +M?) Pr 4} (4] +M?) 2Pr A A, (44, + M)
447 —2Pr A —~Pr(F+9) ' 442 -2Prd,~Pr(F+9) ° A —Prd,—Pr(F+¢)

=

Pr A (m} +M?) 2Pr A, Ay (Aym, + M?) 2Pr A, A (A, + M)
" 4m}—2Prm —Pr(F+9) " B -BPr—Pr(F+¢) ° B:-PrB,—Pr(F+¢)

B,=B,+B,~B,+B,—B,+B,,B, = 7G‘B" B, = ZG‘B’ ,
‘ ’ A -4 -p 447 =24, - p
__ GB. ., _  GB __ G,
P44r-24,-p " A -Ay-p " dmP-2m, -
4 4= P 10 o~ P m m—-p

»Bi7 = Big = Bj1 =By + B3 = By + Bjs - Byg
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