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Abstract: Numerical solutions for heat and mass transfer by laminar flow of a Newtonian, viscous, electrically
conducting chemically reacting viscous dissipative fluid on a continuously vertical permeable surface in the
presence of a heat source, a first — order homogeneous chemical reaction and the mass flux are reported. The
plate is assumed to move with a constant velocity in the direction of fluid flow. A uniform magnetic field acts
perpendicular to the porous surface, which absorbs the fluid with a suction velocity varying with time. The fluid
is considered to be a gray, absorbing emitting but non — scattering medium and the Rosseland approximation is
used to describe the radiative heat flux in the energy equation. The problem is governed by coupled non — linear
partial differential equations. Dimensionless equations of the problem have been solved numerically by finite
element method. The effects of flow parameters, viz. thermal Grashof number, solutal Grashof number,
Hartmann number, Permeability parameter, Thermal radiation parameter, Prandtl number, Heat source
parameter, Schmidt number and Eckert number on velocity, temperature and concentration fields are
investigated through graphs. Skin friction, Rate of heat and mass transfer coefficients are derived, discussed
numerically and presented in tabular forms. The combined heat and mass transfer plays an important role are
designing chemical processing equipment, formation and dispersion of fog, distribution of temperature and
moisture over agricultural fields and groves of fruit trees, crop damage due to freezing, and environmental
pollution.

Keywords: MHD, Free convection, Viscous dissipation, Porous medium, Thermal radiation, Chemical reaction
and Finite element method.

Nomenclature:

A A constant T, Temperature of the fluid at infinity
. . !
B, Mz_;lgnetlc field component along Y’ — C Concentration of the fluid
axis. C’  Concentration of fluid near the plate
Co Specific heat at constant pressure C,, Concentration of the fluid far away of the
Gr thermal Grash of number fluid from the plate
GC  solutalGrashof number C!  Concentration of the fluid at infinity
g Acceleration of gravity , T ]
, . ) t Timein X", Y coordinate system
K The permeability of medium L . .
- t Time in dimensionless co — ordinates
K The permeability parameter , . .y L
M Hartmann number u Velocity component in X' — direction
Pr Prandtl number u Dimensionless velocity component in
) X" — direction
Sc Schmidt number
Nu Nusselt number
Ec Eckert number
Sh Sherwood number
S Heat source parameter ,
. Reynold’s number
R Thermal radiation parameter &
U, Plate Velocity K Chemical reaction of first order
) _ with rate constant
kr Chemical reaction parameter X', y' Co — ordinate system
T’ Temperature of fluid near the plate .
, . U, Reference velocity
T, Temperature of the fluid far away of the _ _
fluid from the plate Ve Suction velocity
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Greek symbols: 0 Non — dimensional temperature
B Coefficient ~of  volume  expansion o Density of the fluid
for heat transfer a Angle
B~ Coefficient of volume expansion for mass nt Phase angle
transfer & A positive constant
K Thermal conductivity of the fluid T Skin — friction
o Electrical conductivity of the fluid
14 Kinematic viscosity

I.  Introduction:

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,
heat and mass transfer occur simultaneously. Possible applications of this type of flow can be found in many
industries. For example, in the power industry, among the methods of generating electric power is one in which
electrical energy is extracted directly from a moving conducting fluid. We are particularly interested in cases in
which diffusion and chemical reaction occur at roughly the same speed. When diffusion is much faster than
chemical reaction, then only chemical factors influence the chemical reaction rate; when diffusion is not much
faster than reaction, the diffusion and kinetics interact to produce very different effects. The study of heat
generation or absorption effects in moving fluids is important in view of several physical problems, such as
fluids undergoing exothermic or endothermic chemical reaction. Due to the fast growth of electronic
technology, effective cooling of electronic equipment has become warranted and cooling of electronic
equipment ranges from individual transistors to main frame computers and from energy suppliers to telephone
switch boards and thermal diffusion effect has been utilized for isotopes separation in the mixture between gases
with very light molecular weight (hydrogen and helium) and medium molecular weight.

The Effects of Variable properties and Hall current on steady MHD laminar convective fluid flow due
to a porous rotating disk was studied by Abdur Sattar et al. [1]. Anjali Devi and Wilfred Samuel Raj [2]
investigated the effects of thermo diffusion on unsteady hydromagnetic free convection flow of a viscous,
incompressible, electrically conducting fluid with heat and mass transfer past a moving porous vertical plate of
infinite length with time dependent suction in the presence of heat source in a slip flow regime. Slip flow
conditions for the velocity and jump in temperature are taken into account in the boundary conditions. A
uniform transverse magnetic field is applied. The free stream velocity is considered to follow an exponentially
small perturbation law. The governing equations of the problem subject to the slip flow boundary conditions are
solved analytically using the perturbation method.Dulal Pal et al. [3]studied Perturbation analysis of unsteady
magnetohydrodynamic convective heat and mass transfer in a boundary layer slip flow past a vertical permeable
plate with thermal radiation and chemical reaction. Ibrahim et al. [4] studied the effects of chemical reaction and
radiation absorption on transient hydromagnetic natural convection flow with wall transpiration and heat source.
Analytical solutions for heat and mass transfer by laminar flow of a Newtonian, viscous, electrically conducting
and heat generation/ absorbing fluid on a continuously vertical permeable surface in the presence of a radiation,
a first — order homogeneous chemical reaction and the mass flux are reported by Kesavaiah et al. [5]. The plate
is assumed to move with a constant velocity in the direction of fluid flow. A uniform magnetic field acts
perpendicular to the porous surface, which absorbs the fluid with a suction velocity varying with time. The
dimensionless governing equations for this investigation are solved analytically using two — term harmonic and
non — harmonic functions. Finite difference solution of the homogeneous first order chemical reaction on
unsteady flow past an impulsively started semi — infinite vertical plate with variable temperature and
massdiffusion in the presence of thermal radiation have been studied by Loganathan et al. [6]. The fluid
considered here is a gray, absorbing — emitting radiation but a non — scattering medium. The dimensionless
governing equations are solved by an efficient, more accurate and unconditionally stable and fast converging
implicit scheme. Mansour et al.[7] investigates the influence of chemical reaction and viscous dissipation on
magnetohydrodynamic natural convection flow. An approximate numerical solution for the flow problem has
been obtained by solving the governing equations using shooting technique with a fourth — order Runge — Kutta
integration scheme. Four different cases of flows have been studied namely an isothermal surface, a uniform
heat flux surface, a plane plume and flow generated from a horizontal line energy source a vertical adiabatic
surface. Double — Diffusive Convection — Radiation interaction on unsteady MHD flow over a vertical moving
porous plate with heat generation and Soret effects was studied by Mohamed [8]. Free convection flow of a
viscous incompressible flow past an oscillating infinite vertical plate with variable temperature and mass
diffusion has been studied by Muthucumaraswamy and Vijayalakshmi [9]. In this research paper, the
dimensionless governing equations are tackled using Laplace transform technique and the temperature and
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species concentration near the plate are assumed to be linearly varying with respect to time.
Muthucumaraswamy and Meenakshisundaram [10] investigated theoretical study of chemical reaction effects on
vertical oscillating plate with variable temperature and mass diffusion. There has been a renewed interest in
studying magnetohydrodynamic (MHD) flow and heat transfer in porous and non-porous media due to the effect
of magnetic fields on the boundary layer flow control and on the performance of many systems using
electrically conducting fluids. Muthuraj and Srinivas [11] studied the fully developed MHD flow of a
micropolar and viscous fluid in a vertical porous space using HAM.Unsteady MHD free Convective flow of a
compressible fluid past a moving vertical plate in the presence of Radiative heat transfer was studied by Ogulu
etal. [12].

The study of heat generation or absorption effects in moving fluids is important in view of several
physical problems, such as fluids undergoing exothermic or endothermic chemical reactions. Possible heat
generation effects may alter the temperature distribution and consequently, the particle deposition rate in nuclear
reactors, electric chips and semiconductor wafers. Patil and Kulkarni [13] studied the effects of chemical
reaction on free convective flow of a polar fluid through porous medium in the presence of internal heat
generation. Radiation effects on an unsteady MHD convective heat and mass transfer flow past a semi — infinite
vertical permeable moving plate embedded in a porous medium was studied by Ramachandra Prasad et al. [14].
Ramana Reddy et al. [15] have studied the mass transfer and radiation effects of unsteady MHD free convective
fluid flow embedded in porous medium with heat generation/absorption. In spite of all these studies, the
unsteady MHD free convection heat and mass transfer flow past a moving semi — infinite titled porous plate
with variable temperature in the presence of chemical reaction has received a little attention. MHD boundary
layer flow over a heated stretching sheet with variable Viscosity was studied by Samad et al. [16].
Satyanarayana and Venkataramana [17] studied Hall current effect on magnetohydrodynamics free convection
flow past a semi — infinite vertical porous plate with mass transfer. Seddeek [18] studied the effects of chemical
reaction, thermophoresis and variable viscosity on steady hydromagnetic flow with heat and mass transfer over
a flat plate in the presence of heat generation/absorption. Sharma and Singh [19] investigates the flow of a
viscous incompressible electrically conducting fluid along a porous vertical isothermal non — conducting plate
with variable suction and exponentially decaying heat generation in the presence of transverse magnetic field.
The governing equations of motion and energy are transformed into ordinary differential equations using time
dependent similarity parameter. The ordinary differential equations are then solved numerically using Runge —
Kutta method along with shooting technique. Effects of the chemical reaction and radiation absorption on free
convection flow through porous medium with variable suction in the presence of uniform magnetic field were
studied by Sudheer Babu and Satyanarayana [20]. In spite of all these studies, the unsteady MHD free
convection heat and mass transfer for a heat generating fluid with radiation absorption has received little
attention. Venkateswalu et al. [21] deal with free convention flow along a vertical wall in a porous medium with
magnetic field is considered. The horizontal walls are adiabatic. The magnetic field applied perpendicular to the
rectangular channel. The flow problem axis described by means of parabolic partial differential equations and
solutions are obtained by an implicit finite difference technique. Zueco [22] considered the transient
magnetohydrodynamic natural convection boundary layer flow with suction, viscous dissipation and thermal
radiation effects.

The effect of radiation on MHD flow and heat transfer problem has become more important
industrially. At high operating temperature, radiation effect can be quite significant. Many processes in
engineering areas occur at high temperature and knowledge of radiation heat transfer becomes very important
for design of reliable equipment, nuclear plants, gas turbines and various propulsion devices or aircraft, missiles,
satellites and space vehicles. Based on these applications, Cogley et al. [23] showed that in the optically thin
limit, the fluid does not absorb its own emitted radiation but the fluid does absorb radiation emitted by the
boundaries. Satter and Hamid [24] investigated the unsteady free convection interaction with thermal radiation
in a boundary layer flow past a vertical porous plate. Vajravelu [25] studied the flow of a steady viscous fluid
and heat transfer characteristic in a porous medium by considering different heating processes. Hossain and
Takhar [26] have considered the radiation effect on mixed convection boundary layer flow of an optically dense
viscous incompressible fluid along a vertical plate with uniform surface temperature. Raptis [27] investigate the
steady flow of a viscous fluid through a porous medium bounded by a porous plate subjected to a constant
suction velocity by the presence of thermal radiation. Makinde [28] examined the transient free convection
interaction with thermal radiation of an absorbing emitting fluid along moving vertical permeable plate. The
effect of the chemical reaction and radiation absorption on the unsteady MHD free convection flow past a semi
— infinite vertical permeable moving plate with heat source and suction has been studied by Ibrahim et al. [29].
Recently Bakr [30] presented an analysis on MHD free convection and mass transfer adjacent to moving vertical
plate for micropolar fluid in a rotating frame of reference in presence of heat generation/ absorption and a
chemical reaction.
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Hence, the main objective of the present investigation is to study the effects of radiation absorption,
mass diffusion, chemical reaction and heat source parameter of heat generating fluid past a vertical porous plate
subjected to variable suction. It is assumed that the plate is embedded in a uniform porous medium and moves
with a constant velocity in the flow direction in the presence of a transverse magnetic field. It is also assumed
that temperature over which are superimposed an exponentially varying with time. The equations of continuity,
linear momentum, energy and diffusion, which govern the flow field, are solved numerically by using finite
element method which is more economical from computational view point and the results obtained are good
agreement with the results of and the results obtained are good agreement with the results of Kesavaiah et al. [5]
in some special cases. The behavior of the velocity, temperature, concentration, skin — friction, Nusselt number
and Sherwood number has been discussed for variations in the governing parameters.

Il.  Mathematical formulation:

We consider unsteadytwodimensional flow of a laminar, viscous, electrically conducting chemically
reacting viscous dissipative and heatabsorbing fluid past a semiinfinite vertical permeable moving plate
embedded in a uniform porous medium and subjected to a uniform transverse magnetic field in the presence of
thermal and concentration buoyancy effects.

We made the following assumptions.

1. In Cartesian coordinate system, let X' — axis is taken to be along the plate and the y'—axis normal to the
plate. Since the plate is considered infinite in X —direction, hence all physical quantities will be
independent of X' — direction.

2. The wall is maintained at constant temperature (T, )and concentration (C; )higher than the ambient

temperature (T ) and concentration (C.) respectively.
3. A uniform magnetic field of magnitude B0 is applied normal to the plate. The transverse applied magnetic

field and magnetic Reynold’s number are assumed to be very small, so that the induced magnetic field is
negligible.

4. A uniform magnetic field acts perpendicular to the porous surface, which absorbs the fluid with a suction

velocity varying with time.

The plate is assumed to move with a constant velocity in the direction of fluid flow.

6. The fluid properties are assumed to be constant except that the influence of density variation with
temperature has been considered only in the body — force term.

7. The chemical reactions are taking place in the flow and all thermophysical properties are assumed to be
constant of the linear momentum equation which is approximated according to the Boussinesq’s
approximation.

8. Due to the semi — infinite plane surface assumption, the flow variables are functions of Yy’ and the time t’
only.

9. Itis assumed that there is no applied voltage which implies the absence of an electric field. The fluid has
constant kinematic viscosity and constant thermal conductivity, and the Boussinesq’s approximation have
been adopted for the flow.

o
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Figure 1: Physical model and coordinate system of the problem
10. The fluid is considered to be gray absorbing — emitting radiation but non — scattering medium and the
Rosseland’s approximation is used to describe the radiative heat flux. It is considered to be negligible in

X" — direction as compared in y'— direction.
11. Attime t'> 0 the plate is given an impulsive motion in the direction of flow i.e. along X'— axis against

the gravity with constant velocity U o -In addition, it is assumed that the temperature and the concentration

at the wall as well as the suction velocity are exponentially varying with time.
12. The concentration of diffusing species is very small in comparison to other chemical species, the

concentration of species far from the wall, C;o, is infinitesimally small and hence the Soret and Dufour
effects are neglected.

Under these assumptions, the equations that describe the physical situation are given by
Equation of Continuity:

avl

-=0(1)
oy
Momentum Equation:
oau' ,ou oAU
at/ +V W =V ayIZ
Energy Equation:

2

o' ,oT" 1 o7’ v (ou') o

— V= K—> +S'(T'—T;)+—(—,j —ir,(S)
ot o pC, oy C, o oy
Species Diffusion Equation:
oCc’ ,oC'" _90)C' i
6t! +Vv ayl = D 8y12 _KF(C _Coo) (4)
13. The third and fourth terms on the right hand side of equation (2) denote the thermal and concentration

buoyancy effects respectively. Also the last term on the right hand side of the energy equation (3)

represents the radiative heat flux term.
With the following initial and boundary conditions:

t'<0:u'=0, T'=T/, C'=C. for all y'
Voo u'=ul, T'=T,+&(T,-T.)e"™, C'=C,+¢&(C,-CL)e"™ at y'=0¢ (5)
>0:
u—0 T'-0 C'—>0as yy—>w

[ i * l i O-B(f !
+9p(T"-T.)+9p°(C —Cw)—( 2 +%Ju 2)
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From equation (1), it is clear that the suction velocity at the plate is either a constant or a function of
time. Hence the suction velocity normal to the plate is assumed in the form

V=V, L+ sAe™)
(6)
Where A s a real positive constant, & and gAis small values less than unity, and V, is scale of suction velocity

which is non — zero positive constant. The negative sign indicates that the suction is towards the plate.
The radiative heat flux term is simplified by making use of the Rosseland approximation [31] as

_ 4z ot
qr - 3k* ay, (7)
Here & is Stefan — Boltzmann constant and K’ is the mean absorption coefficient. It is assumed that the
temperature differences within the flow are sufficiently small so that T'*can be expressed as a linear function
of T'after using Taylor’s series to expand T'*about the free stream temperature Th’ and neglecting higher —
order terms. This results in the following approximation:
T = 41°T" 31/ ®)
Using equations (7) and (8) in the last term of equation (3), we obtain:

oq, 16T 9T
y 3k oyt

Introducing (9) in the equation (3), the energy equation becomes:
2
or’ ok T v (e yer oy 166T° 87T’
' +Vv i -~ ’ + S ( - Too ) + * 12
ot o' pC, & C,\oy k" oy
In order to write the governlng equations and the boundary conditions in dimensionless from, the following non
— dimensional quantities are introduced.

(10)

' 2 ’ r ' " , ,
:y’\/o’tztvo ,u=u—,V:V—2,e=T T ’C_ﬁ’nzu_\zll
v v U, Vs T,-T, C.-C.' V
u’ o * LY v
Up:_p, Gr:w, GczgﬂV(sz Cw)’ Pr— /£p211 SC:L, a
UO Uovo UOVO K a D
2 2 , . )
M - OB 21 S ‘/QO 2’ K: K,\Z/O 1 kr: KrZV’ R: Kk 37 EC:—VO
p V PV, v A 40T, c,m-T.)

Substituting the above non — dimensional quantities (11) in the equations (2), (4) and (10) then these equations
are reducing to the following dimensional form:

Sl T8+ e+ (G0 a2
%‘9—(1 + ehe “‘)%:%(u%]%we (EC)(ay] (13)
oc neC 1%

-l e )8y sy eaw

The corresponding initial and boundary conditions in dimensionless form are:

t<0: u=0, =0, C=0 for all y
5 0: u=U,, O=1+e",C=1+e" at y=0(15)
lu—>0, 650, C>0 as y—>o
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All the physical parameters are defined in the nomenclature.

It is now important to calculate the physical quantities of primary interest, which are the local wall
shear stress, the local surface heat and mass flux. Given the velocity field in the boundary layer, we can now
calculate the local wall shear stress (i.e., skin — friction) is given by and in dimensionless form, we obtain
knowing the temperature field, it is interesting to study the effect of the free convection and radiation on the rate
of heat transfer. This is given by which is written in dimensionless form as

B e

pu’ o, o],

The dimensionless local surface heat flux (i.e., Nusselt number) is obtained as

Nu (X,) = —|:% a—T’j| then Nu = M = _|:%i| (17)
T -T o |, R., o 1,

The definition of the local mass flux and the local Sherwood number are respectively given bywith the
help of these equations, one can write

S, (xX")= —{ X oc } then Sh = Sy (X) = _{@} (18)
y'=0 y=0

(C.-C.) oy R oy

€x

!

VO
Where ReX =— is the Reynold’s number.

1. Method of Solution:

By applying Galerkin finite element method for equation (12) over the element (e) , (yj <Y<Yy, )is:

Yi 2, (e) (e) (&)
(R
Yj

Where B=1+gAe™,Y =M +%, P =(Gr)&+(Gc)C

Integrating the first term in equation (19) by parts one obtains
Yooy, @7 (e) (e) (e)
1| ou® ¢|oN®" ou T( ou ou
N(e) {—} —J‘ —+N(e) F—B—‘FYU(‘E)—P y=0 (20)
o, 3| v o oy
Neglecting the first term in equation (20), one gets:

Yi @7 A () (e) (e)
N u +N(E)T(—6u —B—a;y +Yu‘e)—P] y=0

oy o
Let u® =N (e)(é(e) be the linear piecewise approximation solution over the element (e) (
y; <Y<Yy,) where N(e):[Nj Nk],¢(e)=[uj uk]Tand NjZM,NKZHaFE
yk_yj yk_yj
the basis functions. One obtains:
T NN, NN, {uj} y*T N;N; N;N, u°j y—BT N;N; NN, {uj} y
v IINGN NN | b LN N, NN, : g INJN NN LU
k

Y%elfN. N: N. N, [lu. Y| N .
+YJ‘ IR i k{1:| y:PJ‘{ J:|dy

3 1IN N NN Ly 7 LN,

Simplifying we get
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1 [ 1 -1y, 1]2 1u;| B [-1 1fu], v[2 tu]_P[L
1©° -1 1ju | 6[2 2| | 29[-1 1]u | 6[1 2]u | 2|1
Uk

Where prime and dot denotes differentiation w. r. t yand time t respectively. Assembling the element

equations for two consecutive elements y; ;, <y < Yy;and y; <y <Y, , following is obtained:

[t ofus] f2o1o tia 41 ofus] 2 1 ofuy] ’
=12 afu |+l 1 4 1w -1 0 1fu |[+—| 1 4 1|u |=—|2 (21)
1© 6 210 6 2
0 -1 1fu, 0 1 2 y 0-1 1juy, 0 1 2fuy, 1
i+l

Now put row corresponding to the node i to zero, from equation (21) the difference schemes with 1) = his:

hiz[—uiﬁ 2u, — ui+1]+% l]i—1+4l]i +l.Ji+1 —ZEh[—uiﬁ um] +Y€[ui1+ 4u, + um]: P (22)

Applying the trapezoidal rule, following system of equations in Crank — Nicholson method are obtained:
AuMt+ AU+ AUNT = AU, AU+ AU, +12PK (23)

Now from equations (13) and (14), following equations are obtained:

Ble;jl + 826?{‘+1 + 536?”+1 =B,0", +B,0" +B,6", +12Qk (24)

i+1

chin:f + chirHl + DsciTll =D,C!"; +D,C" +D,C/,

25
Where A =2+YKk+3Brh—6r, A, =8+4Yrh+12r, A, =2+Yk —?EBr)h —6r,

A, =2-YKk-3Brh+6r, A, =8—4Yrh—12r, A, =2—-Yk +3Brh +6r,

B, = 2(Pr) +3Brh(Pr) — S(Pr)k — 6Zr, B, =8(Pr)—4S(Pr )k +12Zr,

B, = 2(Pr)—3Brh(Pr)—S(Pr)k —6Zr, B, = 2(Pr) - 3Brh(Pr) + S(Pr)k + 6Zr,

B, =8(Pr)+4S(Pr)rh—6Zr, B, = 2(Pr) + 3Brh(Pr) + S(Pr)k + 6Zr,

D, = 2(Sc) + 3Brh(Sc) + k, (Sc)k — 6r, D, =8(Sc) + 4k (Sc)rh+12r,

D, = 2(Sc) —3Brh(Sc) +k, (Sc)k —6r, D, =2(Sc) —3Brh(Sc) -k, (Sc)k +6r,

D, =8(Sc) — 4k, (Sc)rh—12r, D, = 2(Sc) +3Brh(Sc) —k, (Sc)k +6r,
ou/! 4

P" =12Phk =12hk(Gr)8! +12hk (Gc)C/!, Q° ﬂZkQ:le(Pr)(Ec){Ej , Z :1+§

k :
Here I = —-and h, Kk are mesh sizes along Y —direction and time — direction respectively. Index i refers to

space and | refers to the time. In the equations (23), (24) and (25) takingi =1(1)nand using boundary
conditions (15), then the following system of equations are obtained:

AX;=B;i=1Dn (26)

Where A's are matrices of order n and X, B, s are column matrices having n— components. The solutions
of above system of equations are obtained by using Thomas algorithm for velocity, temperature and
concentration. Also, numerical solutions for these equations are obtained by C — programme. In order to prove
the convergence and stability of Galerkin finite element method, the same C — programme was run with smaller
values of hand K and no significant change was observed in the values of U, &and C. Hence the Galerkin
finite element method is stable and convergent.
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IV.  Results and Discussion:

The formulation of the effects of chemical reaction, heat source and thermal radiation on MHD
convective flow and mass transfer of an incompressible, viscous fluid along a semi — infinite vertical porous
moving plate in a porous medium has been performed in the preceding sections. This enables us to carry out the
numerical calculations for the distribution of the velocity, temperature and concentration across the boundary

layer for various values of the parameters. In the present study we chosen A=0.5, t =1.0, n=0.1,U p =05

and £=0.02 and while Gr, Gc¢, Pr, Sc, M, K, S, Ec, Rand K, are varied over a range, which are listed
in the figure legends.

0.75
Gr=10,2.0,30,4.0
0.5 -
u
0.25 -
0 T T T
0 1y 2 3

Figure 2. Velocity profiles for different values of thermal Grashof number Gr

For the case of differentvalues of thermal Grashof number Gr, the velocity profiles in the boundary
layer are shown in figure (2). As expected, it is observed that an increase in Gr leads to decrease in the values
ofvelocity due to enhancement in buoyancy force. Here the positive values of Gr correspond tocooling of the
surface. In addition the curve show that the peak values of the velocitydecreases rapidly near the wall of the
porous plate as Grashof number increases and thendecays to the free stream velocity. Figure (3) presents typical
velocity profiles in the boundary layer for various values of the solutal Grashof number Gc, while all other
parameters are kept at some fixed values. The velocity distribution attains a distinctive maximum value in the
vicinity of the plate surface and then decrease properly to approach the free stream value. As expected, the fluid
velocity increases and the peak value more distinctive due to increase in the concentration buoyancy effects
represented by GC . This is evident in the increase in the value of U as increases GC in figure (3).

1

Gc=1.0,20,3.0,40

0 T .
0 1y 2 3
Figure 3. Velocity profiles for different values of solutal Grashof number GC
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0.75
05 - Pr=0.025,0.71,1.0, 7.0
u

0.25 -

0 T T T
0 1y 2 3

Figure 4. Velocity profiles for different values of Prandtl number Pr

Figure (4) and (5) illustrate the velocity and temperature profiles for different values of Prandtl number Pr .
The numerical results show that the effectof increasing values of Prandtl number result in an decreasing
velocity. From figure (5) asexpected, the numerical results show that an increase in the Prandtl number results a
decrease of the thermal boundary layer and in general lower average temperature within the boundarylayer. The
reason is that smaller values of Prare equivalent to increase in the thermalconductivity of the fluid and
therefore heat is able to diffuse away from the heated surfacemore rapidly for higher values of Pr. Hence in the
case of smaller Prandtl number the thermalboundary layer is thicker and the rate of heat transfer is reduced.

1
0 Pr=0.025,0.71, 1.0, 7.0
0.5 -
0 T T T
0 1 2 3

y

Figure 5. Temperature profiles for different values of Pr

0.75

Sc =0.22, 0.30, 0.60, 0.66

Figure 6. Velocity profiles for different values of Schmidt number SC

Figure (6) and (7) display the effects of Schmidt number Sc on velocity and concentration profiles
respectively. As the Schmidt number increases the concentration decreases. This causes the concentration
buoyancy effects to decreases yielding a reduction in the fluid velocity. The reductions and the velocity and
concentration profiles are accompanied by simultaneous reductions in the velocity and concentration boundary
layers. These behaviors are clearly shown in figures (6) and (7).
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Figure 7. Concentration profiles for different values of Schmidt number SC
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Figure 8. Velocity profiles for different values of Hartmann number M

The effect of Hartmann number on velocity profiles in the boundary layer is depicted in figure (8).
From this figure it is seen that the velocity starts from minimum value at the surface and increase till it attains
the peak value and then starts decreasing until it reaches to the minimum value at the end of the boundary layer
for all the values of Hartmann number. It is interesting to note that the effect of magnetic field is to decrease the
value of the velocity profiles throughout the boundary layer. The effect of magnetic field is more prominent at
the point of peak value i.e. the peak value drastically decreases with increases in the value of magnetic field,
because the presence of magnetic field in an electrically conducting fluid introduce a force called the Lorentz
force, which acts against the flow if the magnetic field is applied in the normal direction, as in the present
problem. This type of resisting force slows down the fluid velocity as shown in this figure. Figure (9) Shows the

velocity profiles for different values of the permeability parameter K , clearly as K increases the peak values of
the velocity tends to increase. The effect of increasing the value of the heat source parameter S is to decrease

the boundary layer as shown in figure (10), which is as expected due to the fact that when heat is absorbed the
buoyancy force decreases which retards the flow rate and thereby giving rise to decrease in the velocity profiles.

0.75

K=1.0,20,3.040

0 1y 2 3
Figure 9. Velocity profiles for different values of Permeability parameter K
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Figure 10. Velocity profiles for different values of Heat source parameter S

Figure (11) has been plotted to depict the variation of temperature profiles against Y for different

values of heat source parameter S by fixing other physical parameters. From this graph we observe that

temperature @ decrease with increase in the heat source parameter S because when heat is absorbed, the
buoyancy force decreases the temperature profiles. Figures (12) and (13) display the effects of the chemical

reaction parameter (kr) on the velocity and concentration profiles, respectively. As expected, the presence of
the chemical reaction significantly affects the concentration profiles as well as the velocity profiles. It should be
mentioned that the studied case is for a destructive chemical reaction (kr). In fact, as chemical reaction (kr)

increases, the considerable reduction in the velocity profiles is predicted, and the presence of the peak indicates
that the maximum value of the velocity occurs in the body of the fluid close to the surface but not at the surface.
Also, with an increase in the chemical reaction parameter, the concentration decreases. It is evident that the

increase in the chemical reaction (kr)significantly alters the concentration boundary layer thickness but does
not alter the momentum boundary layers.

1
0
0.5 -
$=0.0,1.0,20,30
O T T 1
0 1 y 2 3

Figure 11. Temperature profiles for different values of Heat source parameter S

Figure (14) illustrates the variation of velocity distribution across the boundary layer for several values
of plateU moving velocity in the direction of the fluid flow. Although we have different initial plate moving
velocities, the velocity decrease to the constant values for given material parameters. The influence of the
viscous dissipation parameter i.e., the Eckert number (EC) on the velocity and temperature are shown in figures
(15) and (16) respectively. The Eckert number (EC) expresses the relationship between the kinetic energy in the

flow and the enthalpy. It embodies the conversion of kinetic energy into internal energy by work done against
the viscous fluid stresses. Greater viscous dissipative heat causes a rise in the temperature as well as the
velocity. This behavior is evident from figures (15) and (16).
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Figure 12. Velocity profiles for different values of Chemical reaction parameter kr
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Figure 13. Concentration profiles for different values of Chemical reaction parameter kr

Figures (17) and (18) illustrate the variation of velocity and temperature for various values of the
radiation absorption parameter (R ). It is immediately apparent that velocity as well as temperature clearly
decrease as R rises from 1 to 3. Velocity reaches a maximum in close proximity to the wall and then
falls gradually to zero at the edge of the boundary layer. Inspection of figure (18) shows that for a small
value of R (R < 2) temperature profile continuously decreases from the wall, while for higher values of
R it increases attaining a maximum near the plate boundary and then decreases. As such there is a

noticeable temperature overshoot with R >1since considerable thermal energy is imparted via the presence
of a thermal radiation source to the fluid causing an elevation in temperatures near the wall.

0.75
U, =0.0,0.25,0.5,0.75
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0.25 -
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Figure 14. Velocity profiles for different values of Plate velocity U b
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Figure 15. Velocity profiles for different values of Eckert number EC
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Figure 16. Temperature profiles for different values of Eckert number EC
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Figure 17. Velocity profiles for different values of Thermal radiation parameter R
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Figure 18. Temperature profiles for different values of Thermal radiation parameter R

Table — 1: Skin — friction results (T) for the values of Gr, G¢, Pr, Sc, M, K, gand k,
Gr | Gc Pr Sc M K S R Ec K, T
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1.0 1.0 0.71 0.22 1.0 1.0 1.0 1.0 0.001 1.0 2.2858
2.0 1.0 0.71 0.22 1.0 1.0 1.0 1.0 0.001 1.0 2.3549
1.0 2.0 0.71 0.22 1.0 1.0 1.0 1.0 0.001 1.0 2.5487
1.0 1.0 7.00 0.22 1.0 1.0 1.0 1.0 0.001 1.0 2.1741
1.0 1.0 0.71 0.30 1.0 1.0 1.0 1.0 0.001 1.0 2.2016
1.0 1.0 0.71 0.22 2.0 1.0 1.0 1.0 0.001 1.0 2.1995
1.0 1.0 0.71 0.22 1.0 2.0 1.0 1.0 0.001 1.0 2.3353
1.0 1.0 0.71 0.22 1.0 1.0 2.0 1.0 0.001 1.0 2.2217
1.0 1.0 0.71 0.22 1.0 1.0 1.0 2.0 0.001 1.0 2.1882
1.0 1.0 0.71 0.22 1.0 1.0 1.0 1.0 0.100 1.0 2.2945
1.0 1.0 0.71 0.22 1.0 1.0 1.0 1.0 0.001 2.0 2.1532

Table — 2: Rate of heat transfer (NU ) values for different values of Prand ¢

Pr S R Ec Nu

0.71 1.0 1.0 0.001 0.5841
7.00 1.0 1.0 0.001 0.5149
0.71 2.0 1.0 0.001 0.5016
0.71 1.0 2.0 0.001 0.5268
0.71 1.0 1.0 0.100 0.5924

Table — 3: Rate of mass transfer ( Sh) values for different values of SC and kr

Sc k, Sh

0.22 1.0 0.4492
0.30 1.0 0.4212
0.22 2.0 0.4110

Table — 4: Comparison of present Skin — friction results ( 7 ) with the Skin — friction results (T*) obtained by

Kesavaiah et al. [5] for different values of Gr, Gc¢, Pr, Sc, M, K, Sand k,

Gr | Gc | Pr | Sc | M K S K, g .

1.0 1.0 0.71 0.22 1.0 1.0 1.0 1.0 2.2858 2.2847
2.0 1.0 0.71 0.22 1.0 1.0 1.0 1.0 2.3549 2.3536
1.0 2.0 0.71 0.22 1.0 1.0 1.0 1.0 2.5487 2.5462
1.0 1.0 7.00 0.22 1.0 1.0 1.0 1.0 21741 2.1728
1.0 1.0 0.71 0.30 1.0 1.0 1.0 1.0 2.2016 2.2011
1.0 1.0 0.71 0.22 2.0 1.0 1.0 1.0 2.1995 2.1971
1.0 1.0 0.71 0.22 1.0 2.0 1.0 1.0 2.3353 2.3339
1.0 1.0 0.71 0.22 1.0 1.0 2.0 1.0 2.2217 2.2206
1.0 1.0 0.71 0.22 1.0 1.0 1.0 2.0 2.1882 2.1855

The profiles for skin — friction (7) due to velocity under the effects of thermal Grashof number, solutal

Grashof number, Prandtl number, Schmidt number, Hartmann number, Permeability parameter,Heat source
parameter, Thermal radiation parameter and Chemical reaction parameter are presented in the table — 1

respectively. We observe from this table — 1, the skin — friction (7)) rises under the effects of thermal Grashof

number, solutal Grashof number, Eckert number and Permeability parameter. And falls under the effects of
Prandtl number, Schmidt number, Hartmann number, Heat source parameter, Thermal radiation parameter and
Chemical reaction parameter. The profiles for Nusselt number (NU) due to temperature profile under the effect
of Prandtl number, Eckert number, Thermal radiation parameter and Heat source parameter are presented in the
table — 2. From this table we observe that, the Nusselt number due to temperature profiles falls under the effects
of Prandtl number, Thermal radiation parameter and Heat source parameter and rises under the effect of Eckert
number. The profiles for Sherwood number (Sh)due to concentration profiles under the effect of Schmidt
number and Chemical reaction parameter are presented in the table — 3. We see from this table the Sherwood
number due to concentration profiles decreases under the effects of Schmidt number and Chemical reaction
parameter. In order to ascertain the accuracy of the numerical results, the present results are compared with the
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previous results of Kesavaiah et al. [5] for Gr= G¢c=1.0,Pr=0.71, Sc=0.22, M =10, K=1.0, s=1.0
andk, = 1.0 in table — 4. They are found to be in an excellent agreement.

V.  Conclusions:

The governing equations for heat and mass transfer by laminar flow of a Newtonian, viscous,
electrically conducting chemically reacting viscous dissipative fluid on a continuously vertical permeable
surface in the presence of a heat source, a first — order homogeneous chemical reaction and the mass flux are
reported. The resulting partial differential equations were transformed into a set of partial differential equations
solved by using finite element method. Numerical evaluations of the numerical results were performed and
graphical results were obtained to illustrate the details of the flow and heat and mass transfer characteristics and
their dependence on some physical parameters.

1. An increasing Hartmann number, Prandtl number, Schmidt number, Heat source parameter, Thermal
radiation parameter and Chemical reaction parameter decreases the velocity of the flow field at all
points.

2. An increasing thermal Grashof number, solutal Grashof number, Permeability parameter, Eckert
number and Plate velocity is to increase the velocity of the flow field at all points.

3. A growing Prandtl number, Thermal radiation parameter and Heat absorption parameter decreases
temperature of the flow field at all points.

4. The Schmidt number and Chemical reaction parameter decreases the concentration of the flow field at
all points.

5. An increasing Hartmann number, Prandtl number, Schmidt number, Heat source parameter, Thermal
radiation parameter and Chemical reaction parameter decreases the skin — friction coefficient (7).

6. An increasing thermal Grashof number, solutal Grashof number, Permeability parameter, Eckert
number and Plate velocity is to increase skin — friction coefficient (7).

7. A growing Prandtl number, Thermal radiation parameter and Heat absorption parameter decreases
Nusselt number of the flow field at all points.

8. The Schmidt number and Chemical reaction parameter decreases the Sherwood number of the flow
field at all points.

9. On comparing the skin — friction (T) results with the skin — friction (T*) results of Kesavaiah et al. [5]

it can be seen that they agree very well.
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