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Abstract: In this article, effect of thermal radiation and chemical reaction on heat and mass transfer flow over a moving porous sheet

with suction and blowing has been investigated. Thermal radiation and chemical reaction effects are considered. By using appropriate

transformations, the governing nonlinear partial equations are transformed into coupled nonlinear ordinary differential equations.

Graphs are decorated to explore the influence of physical parameters on the non-dimensional velocity, temperature and concentration

distributions. The skin friction, the local Nusselt number and the local Sherwood number are computed and analyzed numerically.
Key words: thermal radiation, chemical reaction, moving sheet, suction and blowing

1. Introduction

Flow of an incompressible viscous fluid and heat
transfer phenomena over a stretching sheet have
received great attention during the past decades owing
to the abundance of practical applications in chemical
and manufacturing process, such as polymer extrusion,
drawing of copper wires, and continuous casting of
metals, wire drawing and glass blowing. The prime aim
in almost every extrusion is to maintain the surface
quality of the extrudate. The problem of extrusion of
thin surface layers needs special attention to gain some
knowledge for controlling the coating efficiently.
Crane [1] was studied the pioneering work of the flow
of Newtonian fluid over a linearly stretching surface.
Many researchers [2-8] are extended the pioneering
works of Crane [1] to explore various aspects of the

flow and heat transfer occurring in an infinite domain
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of the fluid surrounding the stretching sheet. After all,
these studies treated with a steady flow only. In some
cases, the flow field and heat transfer can be unsteady
due to a sudden stretching of the flat sheet or by a steep
change of the temperature of the sheet.

Hossain et al. [9] explained the effect of radiation on
natural convection flow of an optically thick viscous
incompressible flow past a heated vertical porous plate
with a uniform surface temperature and a uniform rate
of suction where radiation is included by assuming the
Rosseland discussion approximation. A similarity
transformation the flow of a thin liquid film of a
power-law fluid by unsteady stretching of a surface
which is investigated by Andersson et al. [10]. Later,
Andersson et al. [11] analyzed the momentum and heat
transfer in a laminar liquid film on a horizontal
stretching sheet governed by time-dependent boundary
layer equations.

Similarity solutions of the boundary layer equations,
which describe the unsteady flow and heat transfer over
an unsteady stretching sheet which is presented by
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Elbashbeshy and Bazid [14]. Thermal radiation plays a
very significant role in controlling heat transfer in
polymer processing industry. The quality of the final
product depends to a great extent on the heat
controlling factors, and the knowledge of radiative heat
transfer in the system can perhaps lead to a desired
product with sought qualities. Dandapat et al. [12]
explored how the hydrodynamics and heat transfer in a
liquid film on unsteady stretching surface are affected
by thermo-capillarity. Tsai et al. [13] studied the
non-uniform heat source/sink effect on the flow and
heat transfer from an unsteady stretching sheet through
a quiescent fluid medium extending to infinity.

In this paper, we investigated the effect of thermal
radiation and chemical reaction on heat and mass
transfer flow over a moving porous sheet with suction
and blowing. Under the consideration of thermal and
effects  the
Mathematical modelling is developed. The effects of

chemical reaction  stratification

various emerging parameters on the velocity,
temperature and concentration fields are presented
through graphically and tables. The local Nusselt
number and the local Sherwood numbers are computed

numerically and analyzed.
2. Governing Equations

In this present study on effect of thermal radiation
and chemical reaction, we assumed the flow to be
laminar flow of a viscous, incompressible fluid past a
moving sheet. In order to give way for possible wall
fluid suction/injection, the moving sheet is assumed to
be permeable. Fig. 1 shows the physical model and the
coordinate system.
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Fig. 1 Physical model and coordinate system.

The governing equations for the continuity equation,
momentum equation, energy equation and mass
balance equation are given by
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oy 0 (1)
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Subject to the following boundary conditions are:
u=ax, v=v,, T=T,(x)=T, + Ax,
C=Cy(x)=Co+Bx aty=0 5)
C - C,

where u, v, T and C are the velocity, temperature

u—-0,T->T,, aty > o (6)
and concentration components in X and y-directions,
respectively, g is the acceleration due to gravity, T,,
and C,, are as the wall temperature and concentration,
respectively, a is the stretching rate which is constant,
v,, is the wall suction when(v,, < 0) and injection
(vyw > 0). Also, C, is the specific heat at constant
pressure, v is the kinematic viscosity, K is the
permeability, S is the thermal expansion coefficient,
Bc 1s the solutal expansion coefficient, @ is the
thermal diffusivity of the fluid, D is the mass
diffusivity, p is the density, B*(T, —T) and
Qo(T — T,) are heat generated or absorbed per unit
volume (B* and Q, are constants), ¢* is termed as
Stafan-Boltzman constant and k* is as the mean
absorption coefficient and Kr’' is the chemical
reaction rate of species concentration.

In this paper, we used the relation between the
velocity components as well as the stream functions
which are given by:

_ Yy _ _0pxy)
u= oy '’ v= ox (7)

Also, using the similarity transformations which are

given by:
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Using the equations (5)-(8), the problems defined in
equations (1)-(4) are then transformed into the
following set of ordinary differential equations:

)+ F@F" ) = £ ) — - f' () +
Grr 6 + Gre () =0 (9)
[0 (1) +A6G7) =6, f (O] =0

(10)

" () + SclfmM¢'() — Krep(m] =0 (11)
with the boundary conditions

fO =R, f[(0)=1600)=1, ¢(0)=1 (12)

f(0) =0, 6(0) =0, p(c0) =0  (13)

where primes denote differentiation with respect to

g’ (m)+

r
1+ N,

n, R :% is the dimensionless suction/ blowing

velcity, Da =% is the Darcy number, Gry =

9Br (T—T) is the

aZx
Gre = 9Bc

Pr =£ is the Prandtl number, Np =

Grashof

number,

(CW_Cm)

is the modified Grashof number,

160*T2

is th
sk o

thermal radiation parameter, A= %_ and Oy = Ex
pCpa pCp
are heat generation/absorption coefficients, Sc = % is

the Schmidt number and K7, = I% is the chemical

reaction parameter, respectively.

3. Physical Parameters

The physical quantities of interest are the skin
frictionCy, the local Nusselt number Nu, and the local

Sherwood number Sh, which are given by
C; =5 Re,*f"(0), Nu, = Re20'(0), Shy = Re2¢'(0) (14)

4. Finite Difference Method (FDM)

Our main goal in this article is to apply the finite
difference method to solve the problems (9)-(11) with

the boundary conditions (12)-(13). This method has
been tested for accuracy and efficiency for solving
different problems [16, 17].

By using the transformation f'(n) =2z(n) to
convert the system of equations (9)-(11) in the
following form:

fl—=z=0 (15)

2"+ f7' =22 = =72+ G0 + Grep = 0 (16)

0" +

Pr ' _
o 6 86 - 8,261 =0 (17)

¢" +Sc[f¢p’ — Krp] = 0 (18)

Subject to the boundary conditions:
f(0)=R,z(0)=1,6(00)=1,¢(0)=1 (19
f(0) =0, 6(x) =0, ¢p(0) =0 (20)
The space of solution’s domain is discretized in
finite difference methods. By using the following

notations: An=h >0 to be the grid size in
n-direction, An = % , with n;=ih  for
i=012 .. ... N . Define f; = f(n;) , zi = z(ny) ,

0; =0(n), and ¢; = ¢(n;). LetF;,Z;, 0; and ¢;
represent the numerical values of f,z,6 and ¢ at the

node it" node, respectively. Then, we get
f1+1 fz 10| Zi¥1—Zi—1
f | Z | | A 2h )
9! |l PO S ik § 91+1 6! 1 ¢ | ¢L+1 h¢t 1 (21)

| Zi+1—2Zi+Zi—1
z" | ==

h?2 ’
0i41—20;+60;_1
9" | |~ i+1 hzl =
=20 .
¢H | ; ~ ¢l+1 h‘il+¢l 1 (22)

By using the FDM the main step is that the system of
ordinary differential equations (15)-(18) is discretizes
in space. Now, using the equations (21)-(22) into the
equations (15)-(18) and omitting the truncation errors,
finally we get the system of algebraic equations which
are given for(i = 0,1, 2, ... ... ... N):

Fiy1—Fi1—2hZ; =0 (23)
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Ziygy —2Z;+Zi 1 +05h[Z1yy — Z; 4]
+h? [GrT@l- + Gred; — 22 — izi] =0 (24)

P
Ote1 = 260; + 01y + - 0.5h[Fi (0141 — 010) +
R

2/ Oi-Sx Zifi=0  (25)

Giv1 — 20 + iy
+0.5h Sc[Fi(dir1 — di1) — 2hKn ;] = 0 (26)
Also, the boundary conditions are:
Fo=R, Zy=10,=1, po=1 (27)
Fy =Fno1 Zn =1In-1, Oy =On-y,
dN = Pn-1 (28)
The nonlinear system of algebraic equations are the
system of equations (23)-(26) in the variables
F;, Z;, ©;and ¢;. In our simulations we used the
MATLAB package.

5. Results and Discussion

By using the similarity solution technique in
MATLAB, the set of ordinary differential equations
(9)- (11) with the boundary conditions (12)- (13) are
solved numerically. Here the velocity, temperature and
concentration are determined as a function of
coordinate 1. We have adopted a numerical procedure
based on MATLAB for getting the solution of the
differential equations (9)-(11) with the boundary
conditions (12)-(13). The fundamental parameters that
governed the flow are the Grashof number, Darcy
number, Prandtl number, thermal radiation parameter,
heat generation/absorption parameter, Schmidt number
and chemical reaction parameter. According to study
their effects, a MATLAB programe is written to
enumerate and produce the graphs for the velocity,

temperature and concentration for different values of

these parameters. Few delegate results are given in Figs.

2-9.
Figs. 2(a), (b) and (c) show the effects of the
buoyancy force (Grashof number Gry) to the viscous

forces of a typical velocity, temperature and

concentration profiles in the boundary layer,

respectively. From Fig 2(a), it is clear that the
momentum boundary layer thickness increases with
increasing values of Gry enabling more flow. In Fig.
2(b), this figure represents increasing the value of Gry
outcomes in thinning of thermal boundary layer
associated with an increase in the wall temperature
gradient and hence produces an increase in the heat

transfer rate.
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Fig.2 (a) Velocity, (b) Tempeqz“ature and (c) Concentration
profiles for different values of Grashof number Gr; with
fixed values ofDa =0.8,R=0.5, A=0.5Pr=1.0,5c =
0.5 and Kr, = 0.02.
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It is noticed that the concentration boundary
thickness decreases with an increase in the buoyancy
force. It is due to fact that an increase in the values of
the Grashof number has the tendency to increase the
mass buoyancy effect. This gives rise to an increase in
the induced flow and there by decrease the
concentration which is shown in Fig. 2(c).

The influence of Darcy number on velocity,
temperature and concentration profiles are shown in
Fig. 3(a), (b) and (c), respectively. From Fig. 3(a), it is
observed that the velocity increases with the increase of
the Darcy parameter along the sheet and the reverse is
true away from the sheet. The dimensionless
temperature profiles are displayed in Fig. 3(b).

The influence of suction/blowing parameter R on
velocity, temperature and concentration profiles is
shown in Figs. 4(a), (b) and (c), respectively. From Fig.
4(a) it is observed that the hydrodynamic boundary
layer which shows an increase in the fluid velocity
when the imposition of the wall fluid injection
increases. However, the exact opposite behavior is
produced by imposition of wall fluid suction. From Fig.
4(b), it is observed that with an increase the injection
and the
temperature decreases the suction parameter decreases.

parameters the temperature increases,
The same behavior arises for the concentration profiles
which is shown in Fig. 4(c).

Figs. 5(a), (b) and (c) represent the effect of heat
generation (A > 0) or a heat absorption (A < 0) in
the boundary layer on the velocity, temperature and
concentration profiles. From Fig. 5(a), it is observed
that increasing the heat generation the fluid velocity
increase and for the case of absorption parameter
increases the velocity decrease. With an increase the
heat generation the temperature increase. This increase
in the fluid temperature causes more induced flow
towards the plate through the thermal buoyancy effect
which shown in Fig. 5(b). From Fig. 5(c) it is clearly
observed that increasing the heat generation parameter
and for

the concentration decreases absorption

increasing there is no changed in concentration profile.
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Fig. 3 (a) Velocity, (b) Temperazure and (c¢) Concentration
profiles for different values of Darcy number Da with fixed
values of Grr=0.5R=0.5 A=0.5Pr=1.0Sc=
0.5 and Kr, = 0.02.

Fig. 6 demonstrates the effect of the Prandtl
number Pr on the temperature profile. It is observed
that with the increase of Prandtl number the
temperature decrease. This because a fluid with large
Prandtl number possesses large heat capacity, and
hence augments the heat transfer.
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Fig. 4 (a) Velocity, (b) Temperature and (c) Concentration
profiles for different values of sanction/blowing parameter
R with fixed values ofDa = 0.8,Gry = 0.5, A=0.5,Pr =
1.0,Sc = 0.5 and Kr, = 0.02.

Fig. 7 represents the effect of the radiation parameter
N on the dimensionless temperatured (n). It is clearly
noticed that the increase of the radiation parameter Ny
leads an increase in the temperature at any point. This
is due to fact that higher surface heat flux and thereby
increasing the temperature of the fluid when the
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thermal radiation parameter increases. The variation of

the dimensionless concentration against 1| for different

values of the Schmidt number Sc are displayed in Fig. 8.

It is clearly observed that with an increase the Schmidt

number
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Fig. 5 (a) Velocity, (b) Temperature and (c) Concentration
profiles for different values of heat generation/absorption

parameter A with fixed values of Da =0.8,Gr;y =0.5,
R=0.5Pr=1.0,Sc=0.5and Kr, = 0.02.
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Fig. 6 Temperature profiles for different values of Prandtl

number Pr with fixed values of Da = 0.8, Grr= 0.5, R = 0.5,
A=0.5,N,=1.0,Sc=0.5, and Kr, = 0.02.
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Fig. 7 Temperature profiles for different values of

radiation parameter Npwith fixed values of Da = 0.8, Grr =
0.5,R=0.5,A=0.5, Pr=1.0, Sc = 0.5, and Kr, = 0.02.

proportional to the Schmidt number. A smaller
diffusion coefficient corresponds to an increase in
Schmidt number. Such smaller diffusion coefficient
creates a reduction in the concentration.

Fig. 9 illustrate the effect of the chemical reaction
parameter on the concentration profile. From Fig. 9, it
is clearly seen that the concentration and its associated
boundary layer thickness are decreasing functions of
chemical reaction. Chemical reaction increases the rate
of interfacial mass transfer. The concentration gradient
and its flux increasing when the chemical reaction
reduces the local concentration. Finally, with an
increase in the chemical reaction parameter the
concentration of the chemical species in the boundary
layer decreases.

o(n)

n
Fig. 8 Concentration profiles for different values of
Schmidt number Sc with fixed values of Da = 0.8, Gr; =
0.5,R=0.5,A=0.5, Pr=1.0, N = 0.5, and Kr, = 0.02.
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Fig. 9 Concentration profiles for different values of

chemical reaction K7, with fixed values of Da = 0.8, Grr =
0.5, R=0.5,A=0.5, Pr=1.0, N = 0.5, and Sc = 0.5.

Fig. 10 illustrates the effect of the Darcy number Da
on the skin-friction versus the local Reynolds number.
With an increase the Darcy number the skin-friction
increase along the local Reynolds number. This is
because that a porous media produces a resistive type
of force which causes the increase of the skin-friction.
Fig. 11 represents the effect of the radiation parameter
Nr on the Nusselt number Nu, along the local
Reynolds numberRe,. With an increase the thermal
the Nusselt
increases along the local Reynolds number. This is due

radiation parameter, number Nu,
to fact that for increasing thermal radiation larger heat
transfer rates are achieved. Also, with an increase the
chemical reaction Kr, the local Sherwood number S#,
decrease along the local Reynolds number Re,. This is
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Fig. 10 Variation of Skin-friction C; with Local Reynolds

number Re, for various Darcy number Da.
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Fig. 11 Variation of local Nussult number Nu, with Local
Reynolds number Re, for various thermal radiation
parameter Ng.
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Fig. 12 Variation of local Sherwood number Sk, with
Local Reynolds number Re, Re, for various thermal
radiation parameter Kr,.

because, for increasing the Chemical reaction
parameter smaller mass flow rates are achieved which

is shown in Fig. 12.

Table 1 Values proportional to the coefficients of
skin-friction (f''(0)), rate of heat transfer (—0'(0)) and the
magnitude of the local Sherwood number (—¢’'(0)) with the
variation of Grashof number Gry; for fixed Da = 0.8, R =
0.5,A=0.5, Pr=1.0,Sc =0.5, and Kr, = 0.02.

Gry f"(0) —6'(0) —¢'(0)
0.0 -0.0014 -0.0650 -0.0072
0.5 -0.0032 -0.0175 -0.0034
1.0 -0.0029 -0.0096 -0.0022
2.0 -0.0023 -0.0044 -0.0013

Table 2 Values proportional to the coefficients of
skin-friction (f''(0)), rate of heat transfer (—0'(0)) and the
magnitude of the local Sherwood number (—¢’(0)) with the
variation of Darcy parameter Da for fixed, Gry = 0.5, R =
0.5,A=0.5, Pr=1.0,Sc = 0.5, and Kr, = 0.02.

Da f"(0) —6'(0) —¢'(0)
04 -0.0042 -0.0334 -0.0052
0.8 -0.0032 -0.0175 -0.0034
2.0 -0.0024 -0.0101 -0.0023

Table 3 Values

proportional to the coefficients

of

skin-friction (f''(0)), rate of heat transfer (—0'(0)) and the
magnitude of the local Sherwood number (—¢’(0)) with the
variation of radiation parameter N, for fixed Da = 0.8, Gry
=0.5,R=0.5,A=0.5, Pr=1.0,Sc = 0.5, and Kr, = 0.02.

Nr f"(0) —6"(0) —¢'(0)
0.0 -0.0012 -0.0009 -0.0052
1.0 -0.0032 -0.0175 -0.0034
2.0 -0.0052 -0.0394 -0.0028

Table 4 Values proportional to the coefficients of
skin-friction (f''(0)), rate of heat transfer (—6'(0)) and the
magnitude of the local Sherwood number (—¢’'(0)) with the
variation of Chemical reaction K7, for fixed Da = 0.8, Grr
=0.5,R=0.5,A=0.5, Pr=1.0, Np = 0.5, and Sc = 0.5.

K, f"(0) —6'(0) —¢'(0)
0.02 -0.0032 -0.0175 -0.0034
0.2 -0.0032 -0.0175 -0.0022
1.2 -0.0032 -0.0175 -0.0003

6. Conclusions

In this present paper, we are tried to investigate the

effect of various non-dimensional numbers on the

non-dimensional

velocity,

temperature

and

concentration fields. The higher values of heat
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generation parameter result in higher velocity and
temperature distributions and lower concentration
distribution. For the higher absorption the velocity and
temperature decrease. The concentration gradient and
its flux increasing when the chemical reaction reduces
the local concentration. Finally, with an increase in the
chemical reaction parameter the concentration of the
chemical species in the boundary layer decreases. A
fluid with large Prandtl number possesses large heat
capacity, and hence augments the heat transfer.
Moreover, as the thermal radiation increase larger heat
transfer rate is achieved as well as the chemical

reaction increase smaller mass flow rate is achieved.
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