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solved analytically subject to physically appropriate boundary conditions by using two
term perturbation technique. The numerical values of fluid velocity, fluid temperature
and species concentration are displayed graphically whereas those of skin friction
coefficient, rate of heat transfer and rate of mass transfer at the plate are presented

Keywords: in tabular form for various values of pertinent flow parameters. It is observed that the
Thermal diffusion; inclined plates; velocity is decreased with increasing magnetic field parameter. The resultant velocity
chemical reaction; porous media; heat and concentration has enhances with increasing thermal diffusion parameters. The
and mass transfer study is relevant to chemical materials processing applications.

1. Introduction

The convective heat and mass transfer flows in an inclined porous plate 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. The hydro magnetic convection with heat and mass transfer in porous medium has been
studied. It is due to its importance in the design of MHD generators, accelerators in geophysics,
the design of underground water energy storage system, soil-sciences, astrophysics, nuclear
power reactors and so on. In nature, there be flows which are affected not simply by the
temperature differences however furthermore by the concentration differences. These mass
transfer differences do effects the rate of heat transfer. In Industries, many transport processes exist
in which heat and mass transfer takes place simultaneously as a result of combined buoyancy effect
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in the presence of thermal radiation. If the temperature of surrounding fluid is rather high, the
radiation effects play an important role and this situation does exist in space technology.

Magneto hydrodynamics is currently undergoing a period of great enlargement and
differentiation of subject matter. The interest in these new problems generates from their
importance in liquid metals, electrolytes and ionized gases. Heat source and chemical effects on
MHD convection flow embedded in a porous medium with Soret, viscous and Joules dissipation has
been investigated quite extensively Raghunath et al.,, [1] have studied Hall current and thermal
radiation effects of 3D rotating hybrid nanofluid reactive flow via stretched plate with internal heat
absorption. Raghunath et al., [2] have studied unsteady magneto-hydro-dynamics flow of Jeffrey
fluid through porous media with thermal radiation, Hall current and Soret effects. Raju et al., [3] have
studied Chemical Radiation and Soret Effects on Unsteady MHD Convective Flow of Jeffrey Nanofluid
Past an Inclined Semi-Infinite Vertical Permeable Moving Plate. Ramachandra et al., [4] have
reviewed Effects of Hall Current, Activation Energy and Diffusion Thermo of MHD Darcy-Forchheimer
Casson Nanofluid Flow in the Presence of Brownian motion and Thermophoresis. Raghunath et al.,
[5] have possessed processing to pass unsteady MHD flow of a second-grade fluid through a porous
medium in the presence of radiation absorption exhibits Diffusion thermo, hall and ion slip effects.
Very Recently Li et al., [6] have expressed Effects of activation energy and chemical reaction on
unsteady MHD dissipative Darcy—Forchheimer squeezed flow of Casson fluid over horizontal
channel. Suresh Kumar et al., [7] have observed Numerical analysis of magnetohydrodynamics
Casson nanofluid flow with activation energy, Hall current and thermal radiation.

Combined heat and mass transfer problems with chemical reaction are of importance in many
processes and have, therefore, received a considerable amount of attention in recent years. In
processes such as drying, evaporation at the surface of a water body, energy transfer in a wet cooling
tower and the flow in a desert cooler, in chemical reaction engineering heat and mass transfer occur
simultaneously. Raghunath et al., [8] have analyzed Diffusion Thermo and Chemical Reaction Effects
on Magnetohydrodynamic Jeffrey Nanofluid over an Inclined Vertical Plate in the Presence of
Radiation Absorption and Constant Heat Source. Maatoug et al.,, [9] have possessed Variable
chemical species and thermo-diffusion Darcy—Forchheimer squeezed flow of Jeffrey nanofluid in
horizontal channel with viscous dissipation effects. Omar et al., [10] have reviewed Hall Current and
Soret Effects on Unsteady MHD Rotating Flow of Second-Grade Fluid through Porous Media under
the Influences of Thermal Radiation and Chemical Reactions. Deepthi et al., [11] have studied Recent
Development of Heat and Mass Transport in the Presence of Hall, lon Slip and Thermo Diffusion in
Radiative Second Grade Material: Application of Micromachines. Aruna et al., [12] have examined an
unsteady MHD flow of a second-grade fluid passing through a porous medium in the presence of
radiation absorption exhibits Hall and ion slip effects. Raghunath et al., [13] reviewed Hall, Soret, and
rotational effects on unsteady MHD rotating flow of a second-grade fluid through a porous medium
in the presence of chemical reaction and aligned magnetic field. Raghunath et al., [14] have examined
Hall and ion slip radiative flow of chemically reactive second grade through porous saturated space
via perturbation approach.

The Soret effect arises when the mass flux contains a term that depends on the temperature
gradient. The major focus of our study is the effect on mixed convection flow of the addition of a
second fluid. Ramachandra et al., [15] have studied Characteristics of MHD Casson fluid flow past an
inclined vertical porous plate. Raghunath et al., [16] have analyzed Effects of Radiation Absorption
and Aligned Magnetic Field on MHD Cassion Fluid Past an Inclined Vertical Porous Plate in Porous
Media. Unsteady MHD radiative and chemically reactive natural convection flow near a moving
vertical porous plate through porous medium was studied by Reddy et al., [17]. MHD convective and
dissipative fluid flow over porous medium in a flat channel with insulated and impermeable bottom
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wall in the presence of Joule heating was considered by Raju et al., [18]. Ravikumar et al., [19]
discussed the combined effects of heat absorption and magneto convective flow of a non-Newtonian
fluid namely, Rivlin-Ericksen flow past a semi-infinite vertical porous plate. Exact solutions for MHD
free convictive boundary layer flow past a porous vertical surface in the presence of chemical
reaction, thermal radiation and suction were carried out by Raju et al., [20].

The aim of the present work was to investigate the effects of thermal diffusion and chemical
reaction on MHD mixed convective flow past an inclined plate embedded in a porous medium
in the presence of heat source and aligned magnetic field. This is an extension to the work of
Raghunath et al., [15], this is not a simple extension of the previous work it differs in several aspects.

2. Physical Configuration and Mathematical Formulation

A steady MHD laminar mixed convective flow of a viscous, incompressible electrically conducting
fluid along a semi-infinite inclined porous plate with an acute angle a to the considered. The physical
coordinates (x,y) are chosen such that x is measured from the leading edge in the stream wise
direction and y is measured normal to the surface of the plate. The velocity components in the
directions of flow and normal to the flow are u and v respectively. A magnetic field of uniform
strength Bo is applied normal to the direction of flow. The external flow with a uniform velocity Ue
takes place in the direction parallel to the inclined plate. It is assumed that T and C are the
temperature and concentration of the fluid which are the same, everywhere in the fluid. The surface
is maintained at a constant temperature Tw, which is higher than the constant temperature T of the
surrounding fluid and the concentration Cy, is greater than the constant concentration C.. The
schematic view of flow configuration and coordinates system is shown in Figure 1. The governing
equations of continuity, momentum, energy and mass for a flow of an electrically conducting fluid
are given by the following.

Hydrodynamic boundary layer

Thermal boundary layer

Concentration
Boundary layer

Vertical direction
Inclined plate

Electrically conducting
viscous fluid

Fig. 1. Physical configuration of the problem
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Where u” and v" are the components of velocity in x" and y* directions, respectively, taken along and
perpendicular to the plate, g is the acceleration due to gravity, b is the coefficient of thermal
expansion, b is the coefficient of mass expansion, T* is the temperature of the fluid, T" is the
temperature far away from the plate, Tw is the temperature near the plate. C" is the concentration
of the fluid, Cw is the concentration near the plate, C; is the concentration far away from the plate, t
is the kinematic viscosity of the fluid, r is the magnetic permeability of the fluid, k*is the permeability
of porous medium, qis the fluid density, Bo is the magnetic field coefficient, C; is the specific heat of
the fluid at constant pressure, vo is the constant suction velocity, D is the chemical molecular

diffusivity, a is inclined parameter and ki is the chemical reaction rate constant.
The boundary conditions for the velocity, temperature and concentration fields are
u*=0 T*=T C*=C, aty =0

w! w

u*—>0, T*>T, C*—>C_, as Yy —w (5)

The radiative heat flux term by using Rosseland approximation q;‘ , takes the form

B _ a1
i)

K 0
Where | = ng( L
[l

j d4, K,mthe absorption coefficient at the wall and ebA is Planck’s function.
[0

On introducing the following non-dimensional quantities,

* * 9 * *_ T =T
u=u_,y=V0y ,PI’= mpvezT T00'<0=C COOlGrzlggﬂ(VSV OO),

V, 9 K T,-T, C,-C, v,

* _ 2 2 2
sz'ggﬂc (C:;N COO), EC:—VO ’M2=—080219’ k*z 192,19=ﬁ,80=£ (6)
Vo C,(T,-T.) Ao KoV P D

OZDI(TW _Too)’ Kl‘zngzl Q= Qos F= 4'102.

S(CW—COO) VO pCpVO pCpVO

where Gr is the Grashof number, Gm is the mass Grashof number, Pr is the Prandtl number, Sc is the
Schmidt number, So is the Soret number, Ec is the Eckert number, M is the magnetic parameter, Ko
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is the permeability of porous medium and Kr is the chemical reaction parameter, F is the thermal

radiation parameter.
The basic field Eq. (2) — (4), can be expressed in non- dimensional form as

2
%(H%}%—(M 2Sin% —K,)u = -G, 8Cosa — G, p Cosar
2 2
%+ Praat—‘9+ PrE{%j +PrEcM?u?+Pr(F+Q)6=0

0°0

2
00 1 5¢9 _sckro+s,s, 20 =0
ot oy

o
The corresponding boundary conditions in dimensionless form are reduced to
Aty =0, u=0, =1 ¢=1

Asy —ow, U0, 01 -1

3. Solution of the Problem

(7)

(8)

(9)

(10)

Eqg. (7) — Eq. (9) represent a set of partial deferential equations that cannot be solved in closed
form. However, it can be reduced to a set of ordinary deferential equations in dimensionless form
that can be solved analytically. This can be done by representing the velocity, temperature and

concentration as;

u(y, t) =uy(y) + Ecu (y) + O(Ec?)
0(y.,t) =6,(y) + E.0;(y) + O(Ec’)
#(y.1) = ¢y (¥) + E. .(y) + O(Ec’)

Using Eq. (11) in Eq. (7) — Eqg. (9) and equating the coefficient of like powers of Ec, we have

3.1 Zero Order Terms

ug(1+%j+u{) -(M?Sin’*y +K,)u, = -Gr g, Cosa - Gm ¢,Cosa

&, +Pré;-Pr(F +Q)g, =0

s +5C ¢y —SCKrg, =-S. S, 0,

(11)

(12)

(13)

(14)
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3.2 First Order Terms
(1+ %)u{# u; - (M?Sin’y + K,)u, =-Gr 8, Cosa - Gm ¢, Cosar (15)
O+ Pro,+Pr(F +Q)6,=-Pr(u,)?-PrM*u? (16)
#+Sch —ScKrg, =—Sc S, 0! (17)
The corresponding boundary conditions are
U, =0,u,=0,6,=16,=0,¢,=1 ¢ =0 at y=0

(18)

u, »>0,u,—»0,6,—->0,6 —->0,9,>0,9 -0 as y—>o

Solving Eq. (14) — Eqg. (19) under the boundary conditions Eq. (20), the following solutions are
obtained

G, =exp(-1,y) (19)
¢, = b, exp(-l,y) +b, exp(-1,y) (20)
U, =D, exp(-1,y) +b, exp(-1,y) +bs exp(-1,y) (21)

6, =bs exp(=2l,y) + b, exp(=2l,y) + by exp(=2l,y) + by exp(=(l, +1,)y) + b, exp(=(l; +1,)y)

+by, exp(=(l; +15)y) + by, exp(-1,y) (22)
¢, =bexp(-l,y) + b, exp(-2l,y) + b, exp(-2l,y) + b, exp(=2l,y) + b, exp(=(l, +1,)y) 53
+bgexp(=(l; +1;)y) + b exp(=(l, +15)y) + b, exp(=l5y) (23)
u, =b,, exp(-1,y) +b,, exp(=2l,y) +b,, exp(-2l,y) +b,, exp(=2l,y) + b, exp(—(l, +1,)y) (24)

+D0, exp(=(I; +1,)y) + by, exp(=(l; +15)y) +b,g €Xp(=l5 y) + by €XP(=1gY)

Substituting Eq. (19) — Eq. (24) in Eg. (11), we obtain the velocity, temperature and concentration
distribution in the boundary layer as follows

u(y,t) = bs eXp(_Il Y) + b4 exp(—l2 Y) + b5 eXp(_|3y) + Ec [b21 exp(_|4Y) + b22 exp(_2|1y) +
by eXp(=21,Y) +0,, eXp(=21,Y) + by exp(=(l, +1,) y) + by exp(=(l; +1,)y) + (25)
by, exp(=(l; +15)Y) + by exp(=15y) + b,y exp(-lgy)]

o(y,t) = exp(-1,y)+E.[bs exp(-=2l,y) + b, exp(=2l,y) + s exp(-2l,y) + g exp(=(l, +1,)y) +

sy Xp(=(l; +1,)y) + by, exp(=(l, +15)y) + by, exp(-1, )] (26)
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#(y,t) =b, exp(-1,y) +b, exp(-1,y) + E.[b,; exp(-l,y) + b, exp(-2l,y) + b5 exp(-2l,y) +
b; exp(=2l,y) + b, exp(=(l, +1,)y) +bjgexp(=(l; +1,) y) +byg exp(=(l, +15)y) +
b,, exp(=lsy)]

3.3 Skin Friction

The non-dimensional skin friction at the surface is given by

E

%)y

5).7(5)
8y y=0 ay y=0

7 =—(b,l, +b,I, +b.l,)—E.[b,y |, +2b,, 1,y +2b,, 1, +2b,, I; + b, (I, +1,) + b, (I, +1,) +
by, (I, +15) + b 15 +0lg Y)]

3.4 Nusselt Number

The rate of heat transfer in terms of the Nusselt number is given by

o
ay y=0

(a%j (a@j
=| — +E.| —
¥ ), ¥ )y

:—Il—EC[Zb6 |1 +2b7 |2 +2b8 |3 +b9(|1 +|2)+b10(|3 +|z)+b11(|1 + |3)+b12 |4]
3.5 Sherwood Number

The rate of mass transfer on the wall in terms of Sherwood number is given by

Sh = (%j
ay y=0
RO
6y y=0 6y y=0

=—(b, +b,1,) B [bg 1, +2By, 1, + 2By 1, + 2Dy 1y +Dy7 (1 +1,) +byg (I +1,) +
bl9(|l + |3) +b20 |5]

(27)

(28)

(29)

(30)
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4. Results and Discussion

The results are showing the nature of the effects of the parameters like inclined parameter a,
magnetic field parameter, M, permeability of porous medium, Ko, thermal Grashof number, Gr, mass
Grashof number, Gm, Prandtl number, A is the casson fluid parameter, F is the thermal radiation, Pr,
Eckert number, Ec, heat generation parameter, Q, Schmidt number, Sc, chemical reaction, Kr and
Soret number So. In the present study, the following default parameter values are adopted for
computations: Gr =5.0, F=0.5, =30, Gm 5.0, Ko=1.0, M =1.0, Pr=0.71, Ec=0.01, Q=0.1, Sc= 0.6, Kr
= 0.1, So= 0.5. All graphs therefore correspond to these values unless specifically indicated in the

appropriate =, %, %
Pprop 6’4’3

4.1 Velocity Profiles

Figure 2 shows the effects of Aligned magnetic field parameter a on velocity profile. We observed
that the velocity increases for increasing values of the aligned magnetic field parameter a. The effect
of thermal Grashof number Gr on velocity is shown in Figure 3. This figure shows that the fluid
velocity increases with increasing values of Gr. This is due to the presence of buoyancy effect which
enhances the velocity. In Figure 4 the effects of magnetic parameter M on velocity is shown. From
this figure we observed that the velocity decreases as the values of M increasing in case of cooling
of the plate. This due to fact of that the transversely applied magnetic field, which has the tendency
of slow down the velocity, this force is known as Lorentz force. In Figure 5 the velocity profiles are
shown against the span wise coordinate in the presence of permeability parameter. We notice that
velocity decreases as permeability parameter Ko. In Figure 6 the velocity profiles are shown against
the modified Grashof number. We notice that velocity increases as modified Grashof number Gm
increases. Figure 7 elucidates the effect of the velocity profiles for different values of the chemical
reaction parameter (Kr). In Figure 8 we observe that velocity decreases as Schmidt number Sc
increases. The effects of Soret parameter So on velocity distribution are presented in Figure 9, from
this figure we noticed that the velocity increases as Soret Parameter increases.

ra T T T T T T T T T

187

16T

1471

121

v
Fig. 2. Velocity profiles for different values of a. So0=0.5, Sc=0.6,
Pr=0.71, Gr=5, Ko=1, Kr=0.1,M=1, Q=0.1, R=1, Gm=5, Ec=0.001

71



CFD Letters
Volume 16, Issue 9 (2024) 64-80
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0.5

0 2 Ll 6 8 10

Fig. 3. Velocity profiles for different values of Gr. So=0.5, Sc=0.6, Pr=0.71,
Ko=1, a=30, Kr=0.1, M=1, Q=0.1, R=1, Gm=5, Ec=0.00

D.? ! T T T

0.6

0.5

0.4
>

0.3

0.2

0.1

Fig. 4. Velocity profiles for different values of M. So=0.5, Sc=0.6, Pr=0.71,
Ko=1, a=30, Kr=0.1, Gr=5, Q=0.1, R=1, Gm=5, Ec=0.001
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Ko=2

0.5 Ko=3 T
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0.4 i

=

0.3 ]
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0.1 ]

0
0 2 4 6 8 10
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Fig. 5. Velocity profiles for different values of Ko. So=0.5, M=1, Sc=0.6,
Pr=0.71, a=30, Kr=0.1, Gr=5, Q=0.1, R=1, Gm=5, Ec=0.001

Fig. 6. Velocity profiles for different values of Gm. So=0.5, M=1, Sc=0.6,
Pr=0.71, Ko=1, =30, Kr=0.1, Gr=5, Q=0.1, R=1, Ec=0.001
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Fig. 7. Velocity profiles for different values of Kr. S0=0.5, M=1, Sc=0.6, Pr=0.71,
Ko=1, a=30, Gr=5, Q=0.1, R=1, Gm=5, Ec=0.001
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Fig. 8. Velocity profiles for different values of Sc. So=0.5, M=1, Pr=0.71, Ko=1,
a=30, Kr=0.1, Gr=5, Q=0.1, R=1, Gm=5, Ec=0.001
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Fig. 9. Velocity profiles for different values of So. M=1, Sc=0.6, Pr=0.71, Ko=1,
=30, Kr=0.1, Gr=5, Q=0.1, R=1, Gm=5, Ec=0.001

4.2 Temperature Profiles

The effects of and heat source/sink parameter Q and prandtl number Pr of on the temperature
is presented in the Figure 10 and Figure 11 respectively. Effect of heat source parameter Q on
temperature distribution is presented in Figure 10. It is observed that the temperature decreases as
an increasing the heat source parameter Q. Figure 11 illustrates the temperature profiles for
different values of Prandtl number. It is observed that the temperature decrease as an increasing the
Prandtl number. The reason is that smaller values of Prandtl number are equivalent to increase in
the thermal conductivity of the fluid and therefore heat is able to diffuse away from the heated
surface more rapidly for higher values of Prandtl number.

1 ) T T T T T T T T T

08 ——a=01

— Q=02
0=0.3

0.6 Q=04

04

0.2

Fig. 10. Temperature profiles for different values of Q. S0=0.5, M=1, Sc=0.6,
Pr=0.71, Ko=1, a=30, Kr=0.1, Gr=5, R=1, Gm=5, Ec=0.001
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081

047

10

Fig. 11. Temperature profiles for different values of Pr. S0=0.5, M=1, Sc=0.6,
Q=0.1, Ko=1, a=30, Kr=0.1, Gr=5, R=1, Gm=5, Ec=0.001

4.3 Concentration Profiles

In Figures 12, 13 and 14 the influence of Chemical reaction parameter Kr, Schmidt number sc,
and Soret number So, on the species concentration is presented.

Figurel2 illustrate the concentration profiles for different values of chemical reaction Kr. From
this figure, it is observed that the concentration increases with increasing values of chemical reaction
parameter Kr. Figure 13 shows that species concentration profiles for different values of Schmidt
number Sc. It is clear that the concentration boundary layer thickness decreases with Sc, also noticed
that concentration decreases exponentially and attains free stream condition for large values of Sc.
Finally Figure 14 we observed that the concentration is increases with increasing values of soret

parameter.

Fig. 12. Concentration profiles for different values of Kr
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Fig. 14. Concentration profiles for different values of So

Table 1, shows numerical values of skin-friction for several of Grashof number (Gr), modified
Grashof number (Gc), Magnetic parameter (M), Porosity parameter (Ko) and Inclined angle (a). From
table 1, we observe that the skin-friction increases with an increase in Grashof number (Gr), modified
Grashof number (Gc) and Porosity parameter (K) where as it decreases under the influence of
magnetic parameter and inclined angle.
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Table 1
Skin friction (t)

Gr Gm M Ko

T

5
10
15

12
15
1.5

2.5
1.5
2.5
3.5

/10
/6
/3

6.2828
9.0189
11.7599
6.9902
11.1620
13.1772
4.9730
4.0174
3.3332
5.6489
4.7953
4.2342
6.8989
6.2826
3.6283

Table 2 demonstrates the numerical values of Nusselt number (Nu) for different values of Prandtl
number (Pr), Eckert Number (Ec), Heat absorption parameter (Q) and Magnetic field parameter (M).
From Table 2, we notice that the Nusselt number increases with an increase in Prandtl number and
Eckert Number where as it decreases under the influence of Heat absorption parameter and

Magnetic field parameter.

Table 2
Nusselt number (Nu)
Pr Ec M Q Nu
0.78 0.00150
0.79 4..5391
0.80 4.1840
0.01 0.5888
0.05 5.3022
0.1 11.1940
1.5 -0.5397
2 -0.5668
2.5 -0.5781
0.1 -0.4717
0.15 -0.5144
0.20 -0.5366

Table 3 shows numerical values of Sherwood number (Sh) for the distinction values of Schmidt
number (Sc) and Chemical reaction parameter (Kr) and Soret parameter (So). It can be noticed from
Table 3 that the Sherwood number enhances with rising values of Soret Parameter and where as

decrease with enhancing the values of Schmidt number and the Chemical reaction parameter.
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Table 3

Sherwood number (Sh)

Sc So Kr Sh

0.6 -0.6145

1.2 -1.1013

1.8 -2.5014
0.5 -0.6145
1.0 -0.4529
1.5 -0.2608

0.001 0.3581
0.003 0.1430
0.005 0.0052

5. Conclusion

The effect of Heat Source/Sink effects on Convective flow of a Newtonian fluid past an

inclined vertical plate in conducting field is analyzed. The governing equations for the velocity field,
temperature and concentration by perturbation technique in terms of dimensionless parameters.
The findings of this study are as follows.

i.  Velocity decreases for increasing values of the angle of inclination a, magnetic parameter
M, chemical reaction parameter Kr and Schmidt number Sc where as it shows reverse
tendency in the case of Grashof number Gr, permeability parameter Ko, modified
Grashof number Gm and Soret parameter So.

ii.  Temperature distribution decreases with an increase in heat Source parameter Q and
Prandtl number Pr.

iii.  Concentration boundary layer decreases with an increase in Porus medium Ko and
Schmidt number Sc where as it is increases with increasing values of Soret Parameter So.

iv.  Skin friction increases with an increase of Gr, Gm and Ko but a reverse effect is noticed
in the case of M and a.

v. Nusselt number increases as Pr and Ec increases but in the case of M and Q it is
decreases.

vi.  Sherwood number increases with an increase in So but a reverse effect is noticed in the
case of Sc and Kr.
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