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Abstract An analysis is made to study the steady two-dimensional boundary layer flow and reac-
tive mass transfer past an exponentially stretching sheet in an exponentially moving free stream.
The reaction rate of solute and the wall concentration distribution are taken variable. The govern-
ing equations are transformed and then solved numerically. The study reveals that the momentum
boundary layer thickness is considerably smaller than that of stagnation point flow over stretching
sheet. Due to increase of Schmidt number and reaction rate parameter the mass transfer consider-
ably enhances. Importantly, for solute distribution, in addition to mass transfer, mass absorption
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1. Introduction

The flow due to stretching sheet is a vital problem in classical
fluid mechanics due to its vast applications in many manufac-
turing processes in industry, such as, extraction of polymer
sheet, wire drawing, paper production, glass-fiber production,
and hot rolling. Crane [1] first investigated the steady bound-
ary layer flow of an incompressible viscous fluid over a linearly
stretching plate and gave an exact similarity solution in closed
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analytical form. Numerous studies [2-10] have been conducted
later to extend the pioneering work of Crane [1]. On the other
hand, Hiemenz [11] first studied the steady flow in the neigh-
borhood of a stagnation-point. Chiam [12] considered a prob-
lem which is a combination of the works of Hiemenz [11] and
Crane [1], i.e. the stagnation-point flow towards a stretching
sheet taking identical stretching rate of the sheet and strain
rate of the stagnation-point flow and he found no boundary
layer structure near the sheet. Mahapatra and Gupta [13] rein-
vestigated the same stagnation-point flow towards a stretching
sheet with different stretching and straining rates and found
two kinds of boundary layer near the sheet depending on the
ratio of the stretching and straining rates. In addition, some
very important investigations in this direction can be found
in the articles [14-22].

The diffusion of spices with chemical reaction in the bound-
ary layer flow also has many applications in water and air pol-
lutions, fibrous insulation, atmospheric flows and many other
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chemical engineering problems. Chambre and Young [23] con-
sidered the diffusion of a chemically reactive species in a lam-
inar boundary layer flow. Later, Andersson et al. [24]
investigated the effect of transfer of chemically reactive species
in the laminar flow over a stretching sheet. Afify [25] explained
the MHD free convective flow of viscous incompressible fluid
and mass transfer over a stretching sheet with chemical reac-
tion. Cortell [26] investigated the motion and mass transfer
for two classes of viscoelastic fluid over a porous stretching
sheet with chemically reactive species. Recently, Bhattacharyya
and Layek [27,28] discussed the behavior of chemically reactive
solute distribution in MHD boundary layer flow over a perme-
able stretching sheet and also described the slip effects on the
boundary layer flow and mass transfer over a vertical stretch-
ing sheet.

Last few decades in almost all investigations on the flow
over a stretching sheet, the flow occurs because of linear vari-
ation of stretching velocity of the flat sheet along the sheet. So,
the boundary layer flow induced by an exponentially stretching
sheet is not studied much though it is very important and real-
istic flow frequently appeared in many engineering processes.
Magyari and Keller [29] first considered the boundary layer
flow due to an exponentially stretching sheet and they also
studied the heat transfer in the flow taking exponentially var-
ied wall temperature. Elbashbeshy [30] numerically examined
the flow and heat transfer over an exponentially stretching sur-
face considering wall mass suction. Khan and Sanjayanand
[31] investigated the flow of viscoelastic fluid and heat transfer
over an exponentially stretching sheet with viscous dissipation
effects. Furthermore, the behavior of the flow over an expo-
nentially stretching sheet under different physical aspects was
discussed by Partha et al. [32], Sanjayanand and Khan [33],
Al-Odat et al. [34] and Sajid and Hayat [35]. Recently, Bhatta-
charyya [36] studied the boundary layer flow due to an expo-
nentially shrinking sheet.

In the present paper, the steady boundary layer flow and
mass transfer with first order chemical reaction over an expo-
nentially stretching sheet in an exponential free stream are
studied. Nature of this flow is comparable with the stagna-
tion-point flow over a stretching sheet. Here, the reaction rate
of the solute and the wall concentration distribution are also
taken in exponentially varying form. The obtained self-similar
equations are solved by shooting method. The numerical com-
putations are presented through some figures and the various
characteristics of flow and diffusion are discussed.

2. Analysis of problem

Consider the steady two-dimensional flow and mass transfer
undergoing first order chemical reaction over an exponentially
stretching sheet with velocity U, (x) in an exponential free
stream with velocity U,.. The sheet coincides with the plane
y = 0 and the flow confined to y > 0. Using boundary layer
approximation, equations for the flow and the concentration
distribution are written in usual notation as:

ou Ov
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ac  aCc _ &C
L +v oy D e R(C - Cy), (3)
where u and v are the velocity components in x- and y-direc-
tions respectively, v(= u/p) is the kinematic fluid viscosity, p
is the fluid density, u is the coefficient of fluid viscosity, C is
the concentration, D is the diffusion coefficient and C, is
the concentration in the free stream. R(x) is the variable reac-
tion rate and is given by R(x) = Rgexp(x/L), L is the reference
length and R, is a constant.
The boundary conditions are given by:

u="U,(x), v=0 aty=0; u— Uy(x)as y — o0
(4)
and
C=C,=Cyx+ Cyexp (A—A) at y =0;
2L
C— Cyasy— oo, (5)

where C,, is the variable concentration of the sheet, Cy is a con-
stant which measures the rate of concentration increase along
the sheet and A is a parameter which is physically very impor-
tant in controlling the exponential increment of surface con-
centration and it may have both positive and negative
values. The stretching velocity U, and free stream velocity
U, are respectively given by:

%) and U, (x) = aexp (%>7 (6)

where b and « are constants with » > 0 and a > 0.

This flow is quite similar with the stagnation-point flow
over a stretching sheet though here no stagnation point ap-
pears. Actually, this type of flow is more generalized.

The following similarity transformations [29,33] are
introduced:

¥ = VauLbfin)exp (57). €

= Cot (G CPl) and n =iz ren (o), ()

where 1/ is the stream function defined in the usual notation as
u = 0yY/0y and v = —0y/Ox and 5 is the similarity variable.

In view of (7), the Eq. (1) is identically satisfied and the Eqs.
(2) and (3) reduce to the following self-similar equations:

U,(x) =bexp (

ST =2+ 28 =0 (8)
and
"+ Sc(f¢' — if ¢ — pop) =0, )

where ¢ = a/b is the velocity ratio parameter and Sc = v/D is
the Schmidt number and f = 2LRy/b is the reaction rate
parameter.

The boundary conditions (4) and (5) reduce to the following
forms:

fn) =0, fin)=1 aty=0;  f(n)—=easn—o0 (10)
and
p(n)=1 atn=0;  ¢(n) —0asn— oo. (11)

When ¢ = 1, i.e. b = qa, the Eq. (8) with boundary condition
(10) gives closed form analytical solution f{(r) = n which is
similar to the stagnation-point flow over stretching sheet [14].
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3. Numerical method for solution 1
The nonlinear coupled differential Egs. (8) and (9) along with 08 7
the boundary conditions (10) and (11) form a two point
boundary value problem (BVP) and is solved using shooting 06 F .
methpd, by con\'/ertmg it into an initial valuf: problerp (IVP). € £=0.1.02 05, 1.15,2.25.3
In this method, it is necessary to choose a suitable finite value 04l i
of 1 — o0, say 7. The following first-order system is set:
f=p P=q ¢d=2p—fqg-2 (12) 02l Sc=0.7,B=05A=1 -
and
1 L
¢ =z, 2 =-Sc(fz~ipp—p9) (13) K I
n

with the boundary conditions

Figure 2 Concentration profiles ¢() for several values of e.
A0) =0, p(0) =1, $(0) = 1. a4 M profiles ¢

To solve (12) and (13) with (14) as an IVP we must need the
values for ¢(0), i.e. f/(0) and z(0), i.e. ¢'(0) but no such values
are given. The initial guess values for //(0) and ¢'(0) are chosen
and the fourth order Runge—Kutta method is applied to obtain
the solution. The calculated values of f(y) and ¢(n) at
Noo(=30) are compared with the given boundary conditions
f(ns) = ¢ and ¢(ns) = 0 and adjust values of f/(0) and
¢'(0) using Secant method to give better approximation for
the solution. The step-size is taken as Ay = 0.01. The process
is repeated until we get the results correct up to the desired
accuracy of 107° level.

4. Results and discussion

In the boundary layer flow with exponentially moving free
stream over an exponentially stretching sheet, two different
kinds of boundary layer structures near the sheet have formed
depending upon the ratio of the two constants relating to free
stream and stretching velocities, i.e. on the velocity ratio
parameter ¢, for ¢ > 1 and ¢ < 1. Also for ¢ = 1, no boundary
layer is formed near the sheet. The velocity profiles for various
values of ¢ are depicted in Fig. 1 and corresponding concentra-
tion profiles are plotted in Fig. 2. The boundary layer thick-
nesses are physically very important. The viscous and solute
boundary layer thicknesses are denoted by ¢ and o, respec-
tively and are described by the equations

d= nls\/%exp (-3) and dc= néc\/%exp (—%). The

dimensionless boundary layer thicknesses 7ns; and #5sc are

3 [ T
e=3
25
£=2 =25
2k
. e=1 e=1.5
£ ish
= £=02 £=05
1
£€=0.1
05
O 1 1 1 1
0 1 2 3 4 5
n
Figure 1  Velocity profiles f'(i7) for several values of ¢.

respectively defined as the values of n (non-dimensional dis-
tance from the surface) at which the difference of dimension-
less velocity f'(n) and the parameter ¢ decays to 0.001 and
the dimensionless concentration ¢() reduces to 0.001. The val-
ues 15 and 5sc are given in Table 1 for several values of .
From the table, it is seen that the viscous boundary layer thick-
ness decreases when ¢ increases (both for ¢ > 1 and ¢ < 1).
But, it is worth noting that the viscous boundary layer thick-
ness is considerably thinner than that of the boundary layer
of stagnation-point flow over a stretching sheet which is ob-
tained by Mahapatra and Gupta [14]. So, in boundary layer
flow over an exponentially stretching sheet with exponential
free stream, though the flow dynamics is of similar pattern
with that of the stagnation-point flow over a stretching sheet
but the viscous boundary layer thickness is smaller and these
are physically realistic. It is important to note that the solute
boundary layer thickness also decreases with increasing e.

In Figs. 3 and 4, the concentration profiles for various val-
ues of Schmidt number Sc are demonstrated with ¢ = 1.5 and
0.1 respectively. It is found that the concentration at a point
and the solute boundary layer thickness rapidly decreases with
increase of Sc for both values of ¢. This is caused due to the
fact that the mass transfer from the surface to fluid strongly
depends on Sc¢ and the mass transfer increases as Sc increases.
Actually, a increase of Schmidt number means a decrease in
diffusion coefficient D and the mass transfer is inversely pro-
portional to D.

The variations in concentration profiles for different values
of reaction rate parameter f§ are exhibited in Figs. 5 and 6 for
¢ = 1.5 and 0.1 respectively. For both values of ¢, concentra-
tion decreases with . The solute boundary layer thickness
slightly reduced for increase of  when ¢ = 1.5, whereas, for
¢ = 0.1 that thickness significantly decreases with . The mass
transfer is also affected by . The mass transfer enhances due
to ff and for which the solute boundary layer thickness reduces.

The effect of the parameter 1 on the reactive concentration
distribution is very important in physical point of view. The
dimensionless solute profiles ¢() are presented in Figs. 7
and 8 for various A with ¢ = 1.5 and ¢ = 0.1 respectively. In
both the cases the overshoot of concentration for some nega-
tive values of / are observed. When ¢ = 1.5, the concentration
overshoot is started for smaller negative values of 1 and on the
other hand, the overshoot of concentration is observed for lar-
ger negative values of A for ¢ = 0.1. In these flow situations
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Table 1 Values of 55 and #;s¢ for several values of ¢ with Sc = 0.7, f = 0.5, and 2 = 1.

& 0.1 0.2 0.5 1.5 2.0 2.5 3.0
Mahapatra and Gupta [14] (linear stagnation-point flow) s 6.96 591 4.36 — 2.62 — 2.30
Present study N5 5.04 4.17 291 1.87 1.79 1.68 1.59
Nsc 6.15 5.51 4.37 2.92 2.59 2.35 2.16
1 1
038 08 b
0.6 06T b
= 5¢=0.05,0.1,02,0.5, 1.2 5 $=0,02,051,2
= <
Z oal 041 b
Wl =15 =05 =1 oz | £=0.1,8¢=07, =1
0 1 1 L 1
0 o 2 4 6 3 10 0 1 2 3 4 5 6 7 8

n

Figure 3 Concentration profiles ¢(y) for several values of Se Figure 6 Concentration profiles ¢(y) for several values of § with

with ¢ = 1.5. ¢= 01
1 o[ ]
A=-2,-19,-1.75,-1.5,-1,0,1,3
0.8 B
15 b
0.6 b
— Sc=0.05,0.1,0.2,0.5, 1.2 =
£ = 1 :
= <
04 g
e=1.5,8=07,p=0.5
oa kL €=0.1,B=051A=1 05 ]
0 0 .
0 5 10 15 20 25 0 05 1 15 2 25 3 35 4
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Figure 4 Concentration profiles ¢(n) for several values of Sc Figure 7 Concentration profiles ¢() for several values of A with
with ¢ = 0.1. e =1.5.
1 1 3
0.8 - 0.8 B
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Figure 5 Concentration profiles ¢ (1) for several values of ff with Figure 8 Concentration profiles ¢(5) for several values of 1 with

e =1.5. e =0.1.
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(concentration overshoot) mass absorption occur at the sheet.
Also, it can be concluded that the larger velocity of stretching
prevents the overshoot of concentration, i.e. the mass
absorption. For 1 > 0, no overshoot is observed for both
values of ¢. In addition, the solute boundary layer thickness
decreases with A.

5. Conclusions

The effects of various physical parameters on the flow and
mass transfer characteristics in the boundary layer over an
exponentially stretching sheet with an exponential free stream
have been analyzed. The transformed nonlinear self-similar or-
dinary different equations are solved by shooting technique
using Runge—Kutta method. The findings of the graphical
analysis of the results of this investigation can be summarized
as follows:

(i) The viscous and solute boundary layer thicknesses
decrease with increase of velocity ratio parameter e.
Importantly the thickness of the viscous boundary layer
in this type of flow is significantly thinner than the linear
stagnation point flow over a linearly stretching sheet.

(i) The mass transfer from the sheet enhances for the
increase of velocity ratio parameter, Schmidt number
and reaction rate parameter.

(iii) For larger negative value of /, the mass transfers from
the fluid to the surface, i.e. mass absorption occurs
and it increases with &.

Acknowledgement

Author gratefully acknowledges the financial support of Na-
tional Board for Higher Mathematics (NBHM), DAE, Mum-
bai, India for pursuing this work.

References

[1] L.J. Crane, Flow past a stretching plate, Z. Angew. Math. Phys.
21 (1970) 645-647.

[2] K.B. Pavlov, Magnetohydrodynamic flow of an incompressible
viscous fluid caused by the deformation of a plane surface,
Magn. Gidrod. 10 (1974) 146-148.

[3] P.S. Gupta, A.S. Gupta, Heat and mass transfer on a stretching
sheet with suction and blowing, Can. J. Chem. Eng. 55 (1977)
744-746.

[4] C.K. Chen, M.I. Char, Heat transfer of a continuous stretching
surface with suction or blowing, J. Math. Anal. Appl. 135 (1988)
568-580.

[5] I. Pop, T.Y. Na, Unsteady flow past a stretching sheet, Mech.
Res. Commun. 23 (1996) 413-422.

[6] K. Vajravelu, Viscous flow over a nonlinearly stretching sheet,
Appl. Math. Comput. 124 (2001) 281-288.

[7] R. Cortell, Viscous flow and heat transfer over a nonlinearly
stretching sheet, Appl. Math. Comput. 184 (2007) 864-873.

[8] L. Zheng, L. Wang, X. Zhang, Analytic solutions of unsteady
boundary flow and heat transfer on a permeable stretching sheet
with non-uniform heat source/sink, Commun. Nonlinear Sci.
Numer. Simulat. 16 (2011) 731-740.

[9] K. Bhattacharyya, Effects of radiation and heat source/sink on
unsteady MHD boundary layer flow and heat transfer over a

shrinking sheet with suction/injection, Front. Chem. Sci. Eng. 5
(2011) 376-384.

[10] M.A.A. Mahmoud, S.E. Waheed, MHD flow and heat transfer
of a micropolar fluid over a stretching surface with heat
generation (absorption) and slip velocity, J. Egypt. Math. Soc.
(2012), http://dx.doi.org/10.1016/j.joems.2011.12.009.

[11] K. Hiemenz, Die Grenzschicht an einem in den gleichformingen
Flussigkeits-strom  einge-tauchten  graden  Kreiszylinder,
Dingler’s Poly. J. 326 (1911) 321-324.

[12] T.C. Chiam, Stagnation-point flow towards a stretching plate, J.
Phys. Soc. Jpn. 63 (1994) 2443-2444.

[13] T.R. Mahapatra, A.S. Gupta, Magnetohydrodynamic
stagnation-point flow towards a stretching sheet, Acta Mech.
152 (2001) 191-196.

[14] T.R. Mahapatra, A.S. Gupta, Heat transfer in stagnation-point
flow towards a stretching sheet, Heat Mass Transfer 38 (2002)
517-521.

[15] R. Nazar, N. Amin, D. Filip, I. Pop, Stagnation point flow of a
micropolar fluid towards a stretching sheet, Int. J. Nonlinear
Mech. 39 (2004) 1227-1235.

[16] G.C. Layek, S. Mukhopadhyay, Sk.A. Samad, Heat and mass
transfer analysis for boundary layer stagnation-point flow
towards a heated porous stretching sheet with heat absorption/
generation and suction/blowing, Int. Commun. Heat Mass
Transfer 34 (2007) 347-356.

[17] J. Zhu, L. Zheng, Z.G. Zhang, Effects of slip condition on MHD
stagnation-point flow over a power-law stretching sheet, Appl.
Math. Mech. 31 (2010) 439-448.

[18] K. Bhattacharyya, G.C. Layek, Effects of suction/blowing on
steady boundary layer stagnation-point flow and heat transfer
towards a shrinking sheet with thermal radiation, Int. J. Heat
Mass Transfer 54 (2010) 302-307.

[19] K. Bhattacharyya, S. Mukhopadhyay, G.C. Layek, Slip effects
on boundary layer stagnation-point flow and heat transfer
towards a shrinking sheet, Int. J. Heat Mass Transfer 54 (2010)
307-313.

[20] K. Bhattacharyya, S. Mukhopadhyay, G.C. Layek, Slip effects
on an unsteady boundary layer stagnation-point flow and heat
transfer towards a stretching sheet, Chin. Phys. Lett. 28 (2011)
094702.

[21] K. Bhattacharyya, Dual solutions in boundary layer stagnation-
point flow and mass transfer with chemical reaction past a
stretching/shrinking sheet, Int. Commun. Heat Mass Transfer
38 (2011) 917-922.

[22] K. Bhattacharyya, Dual solutions in unsteady stagnation-point
flow over a shrinking sheet, Chin. Phys. Lett. 28 (2011) 084702.

[23] P.L. Chambre, J.D. Young, On diffusion of a chemically
reactive species in a laminar boundary layer flow, Phys. Fluids
1 (1958) 48-54.

[24] H.I. Andersson, O.R. Hansen, B. Holmedal, Diffusion of a
chemically reactive species from a stretching sheet, Int. J. Heat
Mass Transfer 37 (1994) 659-664.

[25] A. Afify, MHD free convective flow and mass transfer over a
stretching sheet with chemical reaction, Heat Mass Transfer 40
(2004) 495-500.

[26] R. Cortell, Toward an understanding of the motion and mass
transfer with chemically reactive species for two classes of
viscoelastic fluid over a porous stretching sheet, Chem. Eng.
Process. 46 (2007) 982-989.

[27] K. Bhattacharyya, G.C. Layek, Chemically reactive solute
distribution in MHD boundary layer flow over a permeable
stretching sheet with suction or blowing, Chem. Eng. Commun.
197 (2010) 1527-1540.

[28] K. Bhattacharyya, G.C. Layek, Slip effects on diffusion of
chemically reactive species in boundary layer flow due to a
vertical stretching sheet with suction or blowing, Chem. Eng.
Commun. 198 (2011) 1354-1365.


http://dx.doi.org/10.1016/j.joems.2011.12.009

228

K. Bhattacharyya

[29] E. Magyari, B. Keller, Heat and mass transfer in the boundary
layers on an exponentially stretching continuous surface, J.
Phys. D: Appl. Phys. 32 (1999) 577-585.

[30] EEIM.A. Elbashbeshy, Heat transfer over an exponentially
stretching continuous surface with suction, Arch. Mech. 53
(2001) 643-651.

[31] S.K. Khan, E. Sanjayanand, Viscoelastic boundary layer flow
and heat transfer over an exponential stretching sheet, Int. J.
Heat Mass Transfer 48 (2005) 1534—1542.

[32] M.K. Partha, P.V.S.N. Murthy, G.P. Rajasekhar, Effect of
viscous dissipation on the mixed convection heat transfer from
an exponentially stretching surface, Heat Mass Transfer 41
(2005) 360-366.

[33] E. Sanjayanand, S.K. Khan, On heat and mass transfer in a
viscoelastic boundary layer flow over an exponentially stretching
sheet, Int. J. Therm. Sci. 45 (2006) 819-828.

[34] M.Q. Al-Odat, R.A. Damseh, T.A. Al-Azab, Thermal boundary
layer on an exponentially stretching continuous surface in the
presence of magnetic field effect, Int. J. Appl. Mech. Eng. 11
(2006) 289-299.

[35] M. Sajid, T. Hayat, Influence of thermal radiation on the
boundary layer flow due to an exponentially stretching sheet,
Int. Commun. Heat Mass Transfer 35 (2008) 347-356.

[36] K. Bhattacharyya, Boundary layer flow and heat transfer over
an exponentially shrinking sheet, Chin. Phys. Lett. 28 (2011)
074701.



	Steady boundary layer flow and reactive mass transfer  past an exponentially stretching surface in an exponentially moving free stream
	1 Introduction
	2 Analysis of problem
	3 Numerical method for solution
	4 Results and discussion
	5 Conclusions
	Acknowledgement
	References


