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Abstract The heat and mass transfer characteristics over a linearly stretching sheet subjected to an order of chemical
reaction are studied numerically.A similarity transformation is utilized to convert the governing nonlinear partial differential
equations into ordinary differential equations. The numerical method of solution is based on the shooting method with six
order Runge-Kutta iteration scheme. The numerical simulations are conducted at Schmidt number Sc varying from0.22to
0.78 and chemical reaction varying from 0.5 to 3. The effects of the governing parameters on the local skin friction and rateof

mass transfer on the wall are accurately calculated.
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1. Introduction

The momentum, heat and mass transfer in laminar
boundary layer flowovera linearly stretching sheet has
important applications in polymer industry mass transfer
over a stretching surface. In addition, the diffusing species
can be generated or absorbed due to some kind of chemical
reaction with the ambient fluid as was shown by[1-4]. This
kind of generation or absorption of species can affect the
flow properties and quality of the final product. Thus, the
study of heat transfer and flow field is necessary for
determining the quality of the final products of
suchprocesses.

Chambré and Young[5] studied a first-order chemical
reaction in the neighborhoodof a horizontal plate. On the
other hand, Crane[6] studied the flow over a linearly
stretching sheet in an ambient fluid and gave a similarity
solution in closed analytical form for the steady
two-dimensional problem. Further, Anderson et al. [7]
studied the diffusion of chemical reactive species with
first-order and higher-order reactions over a linearly
stretching sheet. Anjalidevi and Kandasamy[8] investigated
the effects of chemical reaction; heat and mass transfer on a
steady laminar flow along a semi-infinite horizontal plate.
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Additionally, Takharet al.[9] investigated the flow and mass
diffusion of a chemical species with first-order and
higher-order reactions over a continuously stretching sheet.
Gupta and Gupta[10], Carragher and Crane[11], Dutta et al.
[12],Magyari and Keller[ 13] andMahapatra and Gupta[14]
studied the heat transfer in the steady two-dimensional
stagnation point flow of a viscous, incompressible
viscoelastic fluid over a horizontal stretching sheet
considering the case of constant surface temperature.
Recently, Afify[15] analyzed the MHD free convective flow
and mass transfer over a stretching sheet with homogeneous
chemical reaction of order n (where n was taken 1, 2 and
3).Samad and Mohebujjaman[16] exposed the effect of a
chemical reaction on the flow over a linearly stretching
vertical sheet in the presence of heat and mass transfer as
well as a uniform magnetic field with heat
generation/absorption. Recently, Hayat et al.[ 17] studied the
effect on unsteady three dimensional flow of couple stress
fluid overa stretching surface with chemical reaction based
on using homotopy analysis method. Alam and
Ahammad] 18] investigated the effects of variable chemical
reaction and variable electric conductivity on free convective
flow with heat and mass transfer over an inclined permeable
stretching sheet under the influence of Dufourand Soret
effects with variable heat and mass fluxes. Kandasamy et
al.[19]presented a study on free convective heat and mass
transfer fluid flow considering thermophoresis and chemical
reaction over a porous stretching surfacealong with several
assumptions by using Group theory.Oluwole and Sibanda[20]



90 M. Ferdows et al.:

Effectsof Order of Chemical R eaction on a Boundary Layer Flow

with Heat and M ass Transfer Over a Linearly Stretching Sheet

has been focused to clarify the effects of first-order
homogeneous chemical reaction on a two-dimensional
boundary layer flow past a wvertical stretching surface
numerically. Effects of Chemical reaction flow through
porous media over a stretching sheet was recently studied by
Sing and Jai [21].

Based on the above-mentioned investigations and
applications, this paper is concermned with two-dimensional
steady, incompressible, laminar boundary layer flow of a
fluid over a linearly stretching sheet.In this paper we
investigate numerically the effects of chemical reaction on
the steady laminar two-dimensional boundary layer flow and
heat and mass transfer over a stretching sheet. The method of
solutionis based on the well-known similarity analysis
together with shooting method.

2. Governing Equation of the Boundary
Layer Flow

Considertwo dimensional steady, incompressible, laminar
boundary layer flow of a fluid over a linearly stretching
sheet(i.e.stretched with a velocity proportional to x( % =1,x)

as shown in Figurel). We assume that the fluid far away
from the sheet is at rest and at temperature T, and
concentration C,. Further,the stretched sheet is kept at fixed

temperature 7 (<T.) and concentration C » (SCo).

(y,v) To Co
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Figure 1.

Boundary layer on a stretching surface

The boundary layer equation and boundary conditions

governing this flow model are the continuity, momentum,
energy and mass concentration.These equations are given by
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where u and v are the velocity components in the x and y
directions, respectively, T is the fluid temperature in the
boundary layer, Cis the concentration of the fluid, v is the
kinematic viscosity, a is the thermal diffusivity, ¢, is the
specific heat at constant pressure, k; is a constant of
first-order chemical reaction rate and D is the effective
diffusion coefficients.

The associated boundary conditions are

u=uxv=0 I=T,6 C=C, aty=0
u—>0T->T7T,C—>C, (5

In order to solve Equations (1)-(5), we introduce the
following similarity transformation

n(x,y) = y\/i w(x, ) = \Jou, xf (17)

c-C
9(77)—T =

where 77 is the similarity variable, f is the dimensionless

T k(C-C)" 4

,as y— .

stream function, @is the dimensionless temperature, ¢ is
thedimensionless concentration and I/ is the stream

function defined as

u= 6'// sV = _a—l// .
oy Ox
Consequently,equations (2)-(4) and the boundary

conditions (5) can be written in the following form

= (6)
0" +Pr[ 1O’ + Ec(f")’]=0 (7
@"+Sc[f¢'—Cr¢"1=0 (8)
subject to
J(0)=0, f(0)=1_6(0)=1,$(0)=1,
[1(©)=0,0(0)=0, #(0)=0.
where, Pr(= v/ 0) represents  Prandtl number,
Ec(=u, lc,(T, —T,)) represents Eckert number,
Sc(=v/D)  represents Schmidt  number  and
Cr(=k,(C,—C,)""/u,) is the chemical reaction
parameter.

It should be noted that the physical quantities of interest in
this problem are the local skin-friction coefficient,- f"(0),

0'(0), and rate of mass transfers,
—¢'(0), which are defined as

1'(0)=

rate of heat transfers,—
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Where, Re =u,x/v is the Reynolds number.

3. Results and Discussion

The ordinary differential equations (6)-(8) associated with
the boundary conditions (9) are numerically solved by
employing Nacktsheimswigertiteration technique togother
with Range-Kutta shooting method. Since the computational
domain in 1 direction is unbounded, a large enough artificial
outer boundaryn.(an approximation to } =oo)must be chosen
torepresent infinity for the numerical treatment. The
numerical simulations suggest that choosinga step size of
An=0.05 was sufficient to provide accurate numerical
results.

Numerical simulations were carried out for

1. Pr=0.71 corresponds physically to air is chosen.

2. The values of Schmidt number are chosen in such a way

to correspond hydrogen (Sc=0.22), water vapour

(Sc=0.62)and NH; (Sc=0.78) at appro ximately 25°¢

and 1 atmosphere.

3. Small value of Eckert number (Ec=0.01) which can be

interpreted as the edition of heat hue to viscous

dissipation.

4. The values of chemical reaction Cr are chosen arbitrary.

5.The rates ofreaction for n=0, 1, 2; represent

zeroth-order (n=0), first-order (n=1) and second -order

(n=2).

Figures 2-4 show the results for the velocity, temperature
and concentration profiles with variation of Schmidt number
and order of reaction when Pr=0.71, Ec=0.01 and Cr=0.5. It
is notedthat the velocity, temperature and concentration
profiles areall decreasing as Schmidt number increase for
fixed n. On the other hand, the flow profiles increases as
order of reaction increases for fixed Sc. Additionally, the
thermal boundary layer has larger effect in the region far
away from the plate. It is also noted that the concentration
(mass) fluids become more influenced by order of reaction
and Schmidt number rather than thermal boundary layer
fluid flow.
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Figure 2. Zeroth, 1stand 2nd order velo city profiles for different values of

Schmidt number Sc with Pr=0.71, Ec=0.01 and Cr=0.5
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Figure 3. Zeroth,lstand 2nd order temperature profiles for different values
of Schmidt number Sc with Pr=0.71, Ec=0.01 and Cr=0.5
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Figure 4. Zeroth,lstand 2nd order concentration profiles for different
values of Schmidt number Sc with Pr=0.71, Ec=0.01 and Cr=0.5

We see that quantitatively, when 1 =1 and n increases
from 0 to 2, there are 0.38%, 2.88% and 16.78% increase in
the velocity, temperature and concentration profiles,
respectively. On the other hand, when m =1 and0.22
<Sc<0.78there are 0.25%, 2.5% and 22.78% decrease in the
velocity, temperature and concentration  profiles,
respectively.

The effect of chemical reaction parameter Cr and order of
reaction n when Pr=0.71, Ec=0.0land Sc=0.22on the
velocity, temperature and concentration profiles are shown
in Figures 5-7. We observethat the velocity, temperature and
concentration profiles are decreasing as chemical reaction
parameter increases. On the other hand, the flow profiles
increase as order of reaction increases.
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Figure 5. Zeroth, 1stand 2nd order velocity profiles for various values
chemical reaction parameter Cr with Pr=0.71, Ec=0.01 and Sc=0.22
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Figure 6. Zeroth, 1st and2nd ordertemperature profiles for various
values chemical reaction parameter Cr with Pr=0.71, Ec=0.01 and Sc=0.22
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Figure 7. Zeroth, Istand2nd order concentration profiles for various
values chemical reaction parameter Cr with Pr=0.71, Ec=0.01 and Sc=0.22

By comparing figure 4 with figure 7, one can easily see
that the concentration boundary layer is wider for n=0 than
for n=2.

Tables 1-3 summarizethe calculated values oflocal

skin-friction coefficient( —f"(O) ), rate of heat transfer
(—0'(0)) and rate of mass transfer (—¢'(0)) for 0.22
<Sc<0.78,0<n<2. These tables indicate that — f"(0) ,
—6'(0) and —¢'(0)are continuously decreaseas 1 in crease
for all values of n andSc. Moreover,the vales of— f(0),
—6'(0) and —¢'(0) are greater in case of hydrogen

(Sc=0.22) than that of water vapour (Sc = 0.62) or NH; (Sc =
0.78).
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Table 1. Zeroth order missing slope for different values of Sc
A\ - /"(0) -6'(0) —¢'(0)
Sc
n 022 0.62 0.78 022 0.62 0.78 022 0.62 0.78
0 1.0026 1.0066 1.0069 04962 0.54 0.5533 0.5483 09912 1.135
025 0.7815 0.7856 0.7859 04876 0.5305 0.5435 0.5174 0.8971 1.0137
0.5 0.6094 0.6138 0.614 04622 0.5029 05152 04814 0.77%4 0.8599
0.75 04754 0.4801 04803 04263 04638 04751 04422 0.6509 0.6928
1 03711 0376 0.3763 0.3848 04187 0429 04012 0.521 0.5267
125 0.2899 0.2949 02952 03417 0372 03811 0.3596 0.396 0371
15 0.2265 02317 0232 02995 03263 03343 03183 028 02304
1.75 0.1772 0.1823 0.1826 026 0.2836 0.2905 02777 0.1747 0.1072
2 0.1387 0.1437 0.144 0224 0.2446 02507 02383 0.0809 0.0012
225 0.1086 0.1134 0.1137 0.1918 02099 02151 0.2003 -0.0017 -0.0887
25 0.0851 0.0896 0.0899 0.1636 0.1794 0.1839 0.1638 -0.1366 -0.1642
Table 2. st order missing slope for different values of Schmidt number Sc
3 - /"(0) -6'(0) ~¢'(0)
Sc
n 022 0.62 0.78 022 0.62 0.78 022 0.62 0.78
0 0.9998 1.0018 1.0024 04709 0.4909 0.4964 04175 0.7205 0.8155
025 0.7786 0.7806 0.7812 04627 04823 04877 0.3889 0.6379 0.7107
0.5 0.6064 0.6085 0.6091 04387 04573 04623 03591 0.551 0.6006
0.75 04722 04744 04751 04045 04217 04264 0.3294 04669 04955
1 03677 03701 0.3708 0.3651 0.3806 0.3849 0.3007 0.3898 0401
125 0.2863 0.2888 0.2895 0.3241 0338 03417 02734 03217 03199
1.5 02229 02254 02262 0284 0.2962 0.2996 0.248 02632 02523
1.75 0.1736 0.1761 0.1768 0.2463 02571 026 0.2245 0214 0.1974
2 0.1351 0.1376 0.1383 0212 02214 0224 0.2031 0.1732 0.1535
225 0.1052 0.1076 0.1083 0.1813 0.1896 0.1918 0.1836 0.1398 0.1189
25 0.0819 0.0841 0.0843 0.1544 0.1616 0.1635 0.1661 0.1127 0.0919
2.75 0.0638 0.0658 0.0665 0.1309 0.1372 0.139 0.1503 0.0909 0.0711
3 0.0496 0.0515 0.0521 0.1107 0.1162 0.1178 0.1362 0.0735 0.0551
Table 3. 2nd order missing slope for different values of Schmid number Sc
= - £"(0) ~0'(0) ~¢'(0)
n 022 0.62 0.78 022 0.62 0.78 022 0.62 0.78
0 0.9991 1.0008 1.0014 04648 04864 04911 03644 0.637 0.7212
025 0.7779 0.7797 0.7803 04568 0478 04825 03371 0.5603 0.6247
0.5 0.6056 0.6075 0.6081 04331 04531 04574 03107 04876 0.5338
0.75 04714 04734 04741 0.399%4 04179 04218 0.2857 04211 04515
1 0.3668 0.3689 0.3697 0.3604 03772 0.3808 0.2626 03619 03791
125 02854 0.2876 0.2884 03199 03348 0338 02414 03101 03167
1.5 0222 02242 0225 0.2803 02934 0.2963 02221 0.2653 02636
1.75 0.1727 0.1749 0.1757 0.2431 0.2546 02571 0.2047 0.2268 02189
2 0.1342 0.1364 0.1372 02091 02192 02214 0.1889 0.1939 0.1815
225 0.1043 0.1064 0.1072 0.1788 0.1876 0.1895 0.1747 0.1659 0.1504
25 0.0811 0.0831 0.0838 0.1522 0.1598 0.1615 0.1619 0.142 0.1246
275 0.063 0.0648 0.0655 0.129 0.1356 0.1371 0.1504 0.1216 0.1032
3 0.0489 0.0506 0.0512 0.1091 0.1148 0.1161 0.14 0.1043 0.0855
325 0.038 0.0395 0.0401 0.092 0.097 0.0982 0.1306 0.0895 0.0708
35 0.0295 0.0309 0.0314 0.0774 0.0818 0.0828 0.1221 0.0769 0.0586
375 0.0229 0.0241 0.0246 0.065 0.0689 0.0698 0.1144 0.0661 0.0486
4 0.0177 0.0189 0.0193 0.0546 0.058 0.0588 0.1074 0.0568 0.0402
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4. Conclusions

In this paper,we consider two-dimensional laminar
boundary layer flow bounded by stretching sheet in the
present of chemical reaction. The transformed similar
conservation ordinary differential equations are obtained and
solved by Nacktsheimswigertiteration technique together
with Range-Kutta shooting method. Numerical results are
obtained for the dimensionless velocity, temperature and
concentration profiles as well as missing slope for various
values of problems parameters. It was found that the flow
profiles increases with the increase of order of reaction and
decreases with the increase of Schmidt number Sc and
chemical reaction parameter Cr. Furthermore the missing
slope s larger in the case ofhydrogen (Sc = 0.22) than that of
NH; (Sc = 0.78).
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