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EFFECTS OF CHEMICAL REACTION ON FREE
CONVECTION FLOW THROUGH A POROUS MEDIUM
BOUNDED BY A VERTICAL SURFACE

N. Mahapatra®, G. C. Dash®, UDK 536.25
S. Panda®, and M. Acharya*

The effect of a chemical reaction on a free convection flow through a porous medium bounded by a vertical
infinite surface has been studied. Velocity, temperature, and concentration profiles have been obtained for
different values of parameters like the Grashof number, Prandtl number, and the chemical reaction parameter
in the presence of homogeneous chemical reaction of first order. It is observed that the velocity and concen-
tration increase during a generative reaction and decrease in a destructive reaction. The same is true for the
behavior of the fluid temperature. The presence of the porous media diminishes the temperature.

Keywords: Chemical reaction, porous medium, generative reaction, Eckert number.

Introduction. The growing need for chemical reactions in chemical and hydrometallurgical industries requires
the study of heat and mass transfer with chemical reaction. There are many transport processes that are governed by
the combined action of buoyancy forces due to both thermal and mass diffusion in the presence of the chemical reac-
tion effect. These processes are observed in nuclear reactor safety and combustion systems, solar collectors, as well as
metallurgical and chemical engineering. Their other applications include solidification of binary alloys and crystal
growth dispersion of dissolved materials or particulate water in flows, drying and dehydration operations in chemical
and food processing plants, and combustion of atomized liquid fuels. The presence of a foreign mass in water or air
causes some kind of chemical reaction. This mass may be present either by itself or as mixtures with air or water. In
many chemical engineering processes, a chemical reaction occurs between a foreign mass and the fluid in which the
plate is moving. These processes take place in numerous industrial applications, for example, polymer production,
manufacturing of ceramics or glassware, and food processing. The effect of the presence of a foreign mass on a free
convection flow past a semi-infinite vertical plate was studied by Gebhart and Pera [1]. The presence of a foreign
mass in air or water causes some kind of chemical reaction. Moreover, during a chemical reaction between two spe-
cies, heat is generated [2].

A chemical reaction can be codified as either a homogeneous or heterogeneous process. This depends on
whether it occurs on an interface or as a single-phase volume reaction. A reaction is said to be first order if its rate
is directly proportional to the concentration itself [3]. The effect of chemical reaction on heat and mass transfer in a
laminar boundary-layer flow has been studied under different conditions by several authors [4—10]. Diffusion of chemi-
cally reactive species in a convective flow along a vertical cylinder has been considered by Ganesan and Rani [11].

The effect of a chemical reaction on a moving isothermal vertical surface with suction has been studied by R.
Muthucumaraswamy [12]. Continuing this endevor on the study of a chemical reaction, Kandasamy et al. [13] consid-
ered the chemical reaction and thermal stratification effects over a vertically stretching surface. A viscous flow over a
nonlinearly stretching sheet in the presence of a chemical reaction and magnetic field has been studied by Raptis et al.
[14]. The effect of chemical reaction and heat and mass transfer on a boundary-layer flow over a porous wedge was
reported by Kandasamy et al. [15]. Application of a chemical reaction to a micropolar flow over an isothermal vertical
cone has been studied by El-Kabeir et al. [16]. Recently, the chemical reaction effect on a mixed convection flow
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along a semi-infinite vertical plate was reported by Mahmoud [17]. The influence of a chemical reaction on a transient
MHD free convection flow over a moving vertical plate was investigated by Al-Odat and Al-Azab [18].

During a chemical reaction, heat is generated and in most cases porous media are very widely used to insulate
a heated body to maintain its temperature. They are considered to be useful in diminishing the flow temperature. To
make the heat insulation of a surface more effective, it is necessary to study a flow through a porous medium and to
estimate the effect of chemical reaction on heat and mass transfer. Therefore, here we will attempt to investigate such
phenomena. Consequently, the aim of the present work is to study the heat and mass transfer effect on a steady flow
of viscous fluid through a porous medium bounded by a porous surface subjected to suction with a constant velocity
in the presence of a homogendous chemical reaction of first order. Examination of such a flow model reveals the in-
fluence of chemical reaction on the velocity, temperature, and concentration profiles. The analysis of the results ob-
tained shows that the flow field is influenced appreciably by the chemical reaction parameter. It is hoped that these
results will not only provide a useful information for application, but also will serve as a complement to the previous
studies.

Mathematical Analysis. We consider a steady flow of an incompressible V1scous fluid through a porous medium
occupying a semi-infinite region of the space bounded by a vertical infinite surface. The & axis is taken along the surface
in an upward direction and the 6" axis is normal to it. The fluid properties are assumed to be constant except for the
density in the body force term. A chemically reactive species is emitted from the vertical surface into a hydrodynamic
flow field. It diffuses into the fluid, where it undergoes a homogeneous chemical reaction. The reaction is assumed to take
place entirely in the stream. The basic equations for the flow through a highly porous medium are

* =0 ’ (1)
dy
2 ® %
oy (T" =T +gB, (C - C) -, @)
dy dy k,
* 2 % * 2
x oT o 0T v (du
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Here we have assumed that the level of species concentration is very low; therefore, the heat generated due to the
chemical reaction can be neglected.
Equation (1) gives

v)': =const =— Vo » &)

where vy >0 and v is the steady normal velocity of suction on the surface. The relevant boundary conditions are

* >k

uw=0, T=T,, C=C, at y =0;
* £ 3k %
u -0, T >T,, C >C,_ as y —oo. (6)

Let us introduce the following nondimensional parameters:
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The governing system of equations (1)-(4) with the use of (7) is reduced to the following nondimensional

form:
u”+u’=—Gr6—GcC+k_lu, ®)
2
0”+Pr®=-PrEu", ©)
C”+ScC'=kyScC. (10)

The corresponding boundary conditions are
u=0, 6=1, C=1 at y=0;
u—0, 850, C>0as y—>oo. (1)

In order to obtain solutions of the coupled nonlinear system of equations (8)—(10) with the boundary conditions (11),
we expand u, 0, and C in powers of the Eckert number E (assuming that E is very small), i.e., we write

u=uy+Eu; +0 (E), 0=0,+E0,+0 (), C=Cy+EC,+0 E). (12)
Substituting Eqs. (12) into Egs. (8)—-(10), equating the coefficients at the terms with the same powers of E,

and neglecting terms of the order of E? and higher orders, we get the following equations:
zero order

uy + iy =—Gr 0y — Ge Cy+ kg, (13)
6y +Prog=0, (14)
C(;,+ Sc COI =ky Sc Cy s (15)
first order
u’1,+u,1=—Gr91—GCC1+k_lu1, (16)
144 ’ 12
67 +Pro; = Pruj . (17)
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C,+ScC =kyScC, . (18)
The corresponding boundary conditions are

MOZO, u1=0, 90:1, 91=0, C():l, CIZO at y=0,
ug—0, u; >0, 8,0, 6, >0, C;—>0, C;—>0 at y—>oo, (19)

Solving Egs. (13)—(18) under the boundary conditions (19) and substituting the obtained solutions into Eq.
(12), we can present the solutions for u, 0, and C as follows:

1
u () = (k5 + kg) exp (k3y) — ks exp (= Pry) — kg exp (= 0.501y) + E| — (= Gr (kg + kg
%)

Gr kg exp (k3y) N Gr kg exp (k3y) N Grky exp (ksy)

+kyq) exp (k3y)) + 5

Gr (kg + kg + k) exp (-Pry) Grkgexp(—2Pry) Grkgexp (—0,y)
+ —_ —_

2 k
12%) 03 O =0y — kg

Gr kll exp (_ (Pl‘ + 05061) y)

, (20)
0Oy
0 (y) =exp (= Pry) + E [ (kg + kg + k{1) exp (= Pry) + kg exp (— 2 Pry)
+ kg exp (= 0yy) + k11 exp (= (Pr+0.50,y)] , (21
C (y) =exp (- 0.50,;y) . (22)

The expressions for the constants involved in Eqs. (20)—(22) are given in the Appendix. Equation (22) for the fluid
concentration can be considered under the following conditions: kg > O for a destructive reaction; ky = 0 in the absence
of reaction; ko< O for a generative reaction.

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

N=- [?1 =Pr+E [ Pr (kg + ko + ky) + 2 Prkg + 0t kg + ky (Pr+0.50,)] . (23)
Y
=0

The nondimensional skin friction at the surface is given by

Gr kgks

= | Q] Sy (ks + k) + Prks + 0,500k + E| - (- Gr (kg + ko + Ky ) Ky) +

Gr kgks Grkyjky GrPr(kg+kg+ky;) 2GrPrkg
+ - +

2
o — oy —k; 0y 0 0y
Gr kqy0t Gr ki, (Pr+0.50)
s % 11 1] 24)
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Fig. 1. Velocity profiles at Pr = 0.71, kg = 1, k = 1, and Gr = Gc = 5 for dif-
ferent values of E: 1) E = -0.05; 2) -0.01; 3) 0.05; 4) 0.1.
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Fig. 2. Velocity profiles at Pr = 7, kg = 1, k = 1, and Gr = Gc = 10 for dif-
ferent values of E: 1) E = -0.05; 2) -0.01; 3) 0; 4) 0.1.
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Fig. 3. Velocity profiles at Pr = 0.71, k = 1, E = 0.05, and Gr = Gc = 5 for
different values of ky: 1) ky = —0.04; 2) -0.02; 3) 0; 4) 0.05.
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Fig. 4. Velocity profiles at Pr = 0.71, kg = 1, E = 0.05, and Gr = Gc = 5 for
different values of k: 1) k = 0.1; 2) 0.4; 3) 0.7; 4) 1.
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Fig. 5. Velocity profiles at Pr = 0.71, kg = 1, k = 1, E = 0.05, and Gc = 5

for different values of Gr: 1) Gr = -2; 2) -0.5; 3) 0.5; 4) 2.
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Fig. 6. Temperature profiles at Pr = 0.71, kg = 1, k = 1, and Gr = Gc = 5 for
different values of E: 1) E = -0.05; 2) -0.01; 3) 0.05; 4) 0.1.
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Fig. 7. Temperature profiles at Pr = 0.71, kg = 1, E = 0.05, and Gr = Gc = 5
for different values of k: 1) k = 0.1; 2) 0.7; 3) 1; 4) 2.
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Fig. 8. Temperature profiles at Pr = 0.71, kg = 1, k = 1, E = 0.05, and Gc = 5
for different values of Gr: 1) Gr = -5; 2) —1; 3) 5; 4) 10.
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Fig. 9. Temperature profiles at Pr = 7, Gr = Gc = 10, and k = 0 (solid lines) and
k = 0.1 (dashed lines) for different values of kgy: 1) kg = —0.04; 2) 0; 3) 0.04.
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Fig. 10. Concentration profiles at Pr = 0.71, k = 1, E = 0.05, and Gr = Gc = 5
for different values of ky: 1) kg = —0.04; 2) -0.02; 3) 0; 4) 0.05.
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Fig. 11. Nusselt number against the permeability parameter at Pr = 0.71, kg = 1,
E = 0.01, and Gc = 10 for different values of Gr: 1) Gr = 1; 2) 2; 3) 4; 4) 8.

Results and Discussion. In order to get a clear insight into the physical problem, numerical results are pre-
sented in figures. The fluids considered in this study are air and water (Pr = 0.7 and 7.0, respectively, at 20°C). The
velocity fields, the temperature and concentration profiles, the Nusselt number, and skin friction are obtained at Sc =
0.22 for different values of other parameters.

Velocity profiles. The velocity profiles are depicted in Figs. 1-5. The effect of the Eckert number on the ve-
locity field is shown in Figs. 1 and 2. It is interesting to observe that the fluid velocity increases and reaches its maxi-
mum over a very short distance from the plate and then decreases gradually to zero for positive values of the Eckert
number (T, >T.,). This corresponds to a hot fluid layer near the surface and an externally cooled surface. A higher
fluid velocity is observed for small Eckert numbers. A negative Eckert number (7, >7,)) means that the temperature
of the fluid layer near the vertical surface is less than the ambient temperature and therefore the velocity near the ver-
tical surface is higher but then gradually decreases to zero.

Figure 3 shows the effect of the chemical reaction parameter on the velocity profiles. A generative reaction
(kg < 0) increases the fluid flow velocity, whereas a destructive reaction (k> 0) reduces it. An increase in the perme-
ability parameter results in an increase in the velocity (see Fig. 4).

“From the Editors. Nondimensional criteria Gr, E, and N are usually positive quantities. Thus, the Editors consider that
it could be logical to somehow differently label these parameters introduced by the authors, for example, as E’, so that
we could have E = IE'l
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Fig. 12. Skin friction against the permeability parameter at Pr = 0.71, kg = 1,
E = 0.01, and Gc = 10 for different values of Gr: 1) Gr = 1; 2) 2; 3) 4; 4) 8.

The Grashof number Gr describes the effect of free convection currents, and the case Gr>0 (T, >T,) cor-
responds to an externally cooled surface. It is seen from Fig. 5 that, as Gr increases from 0.5 to 2, the surface be-
comes cooler and the velocity increases. Similarly, as Gr decreases from —0.5 to -2, the surface becomes hotter and
the velocity decreases.

Temperature profiles. A graphical presentation of the thermal boundary layer for different values of the pa-
rameters is given in Figs. 6-9. The nondimensional temperature for various values of the Eckert number is plotted in
Fig. 6. Clearly the temperature is equal to unity at the wall and to zero in the free stream. For E>0 (T, >T,.), the
temperature increases over the boundary layer and near the surface. For E <0 (T, <T,), there is a rapid temperature
drop and heat flows into the surface. Here, an inflection point occurs in the curve for E = 0.05, whereas the curve for
E = 0.01 displays a hill. An increase in the permeability parameter increases the temperature (Fig. 7). Physically this
means that such an increase results in an increase in the velocity. Hence an increase in the wall temperature is ob-
served. In the case of an externally cooled plate (Gr > 0) the temperature increases near the surface, and for an exter-
nally heated plate (Gr <0) there is a rapid temperature drop as shown in Fig. 8.

An important aspect of this work is seen in Fig. 9. This figure shows that in the absence of porous media the
fluid temperature increases with decrease in the chemical reaction parameter. The presence of porous media diminishes
the flow temperature, and heat insulation of the surface becomes more effective. Figure 9 shows also the effect of the
chemical reaction parameter on the temperature profiles. When the diffusion species is destroyed in the flow, i.e., a
destructive reaction takes place (ky>0), the products have a lower potential energy than the reactants. Therefore, the
fluid temperature for k; = 0.04 is less than that without chemical reaction (k, = 0). Similarly, when the diffusion spe-
cies is generated in a homogendous reaction, a generative reaction occurs (ky < 0). In this case the product is unstable
and its energy state is higher than for the reactants. This corresponds to a higher temperature at ky = —0.04 than with-
out a chemical reaction. The situation mentioned is similar for both values of k.

Concentration distribution. Figure 10 shows that a destructive reaction reduces the concentration. This is due
to the fact that for ky > O the last term in the mass diffusive equations (15) and (18) becomes positive and it contrib-
utes to the concentration reduction. At the same time, the last term in the equations mentioned becomes negative for
a generative reaction (ky <0) and, as a result, it leads to a concentration increase. A variation in the heat transfer rate
expressed in terms of the Nusselt number N is shown in Fig. 11. It is observed that N decreases with increasing per-
meability. This decrease becomes stronger for large Grashof number, i.e., for externally very cooled surface. Similarly,
the skin friction depicted in Fig. 12 decreases with increase in the permeability parameter and for large Gr the de-
crease becomes stronger.
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CONCLUSIONS

1. The velocity of a fluid flow increases with the Eckert number, permeability parameter, and the Grashof
number and decreases with increase in the chemical reaction parameter.

2. In most cases the velocity attains a maximum near the surface and thereafter decreases.

3. An inflection occurs in the temperature profiles for positive values of E, k, and Gr, and the curves for
large positive values of the above parameters display hills.

4. There is a fall in the concentration due to the increase in the value of the chemical reaction parameter. The
concentration increases in the presence of a generative reaction.

5. A destructive chemical reaction reduces the fluid temperature, and a generative reaction increases it.

6. The excess heat produced during the generative first-order homogeneous chemical reaction is diminished in
the presence of a porous medium.

The present study of the physics of a fluid flow over a vertical surface can be utilized as the basis for many
scientific and engineering applications and in solving more complex problems for vertical surfaces.

NOTATION

C, nondimensional fluid concentration; C*, concentration, mol/m3; C_, fluid concentration far away from the
wall, mol/m3; Cp
mass Grashof number; Gr, thermal Grashof number; g, gravitational acceleration, m/secz; k, nondimensional permeabil-
ity coefficient of a porous medium; k;, nondimensional rate of a chemical reaction; k., rate of chemical reaction, sec_l;
kp, permeability of a porous medium, mz; N, Nusselt number; Pr, Prandtl number; Sc, Schmidt number; 7, fluid tem-
perature far away from the wall, °c; ‘T*, temperature, °C; u*, v* velocity components, m/sec; u, nondimensional veloc-
ity; v, suction velocity, m/sec; x*, y* space coordinates, m; y, nondimensional space coordinate; 0, thermal

specific heat at a constant pressure, J/(kg-deg); D, mass diffusivity, mz/sec; E, Eckert number; Gc,

conductivity, W/(m-deg); Bl, coefficient of volume expansion, 1/deg; Bz, coefficient of volume expansion with concen-
tration, m”/mol; 0, nondimensional temperature; v, kinematic viscosity, m“/sec; p, fluid density, kg/m3; T, nondimen-
sional skin friction. Subscripts and superscripts: w, wall; oo, far away from the wall; 0 and 1, zero and first orders;
prime denotes differentiation with respect to y.

REFERENCES

1. B. Gebhart and L. Pera, The nature of vertical natural convection flows resulting from the combined buoyancy
effects of thermal diffusion, Int. J. Heat Mass Transfer, 14, No. 12, 2025-2050 (1971).

2. R. Byon Bird, W. E. Stewart, and E. N. Lightfoot, Transport Phenomena, John Wiley and Sons, New York (1992).

E. L. Cussler, Diffusion Mass Transfer in Fluid Systems, Cambridge University Press, London (1988).

4. A. Apelblat, Mass transfer with a chemical reaction of the first order. Effects of axial diffusion, Chem. Eng. J.,
23, No. 2, 193-203 (1982).

5. U. N. Das, R. Deka, and V. M. Soundalgekar, Effects of mass transfer on flow past an impulsively started in-
finite vertical plate with constant heat flux and chemical reaction, Forschung im Ingenieurwesen, 60, No. 10,
284-287 (1994).

6. H. I. Andersson, O. R. Hansen, and B. Holmedal, Diffusion of a chemically reactive species from a stretching
sheet, Int. J. Heat Mass Transf., 37, No. 4, 659-664 (1994).

7. H. S. Takhar, A. J. Chamkha, and G. Nath, Flow and mass transfer on a stretching sheet with a magnetic field
and chemically reactive species, Int. J. Eng. Sci., 38, No. 12, 1303-1314 (2000).

8. R. Muthucumarswamy and P. Ganesan, Effect of the chemical reaction and injection on flow characteristics in
an unsteady upward motion of an isothermal plate, J. Appl. Mech. Tech. Phys., 42, No. 4, 665-671 (2001).

9. A. J. Chamkha, MHD flow of a uniformly stretched vertical permeable surface in the presence of heat genera-
tion/absorption and a chemical reaction, Int. Commun. Heat Mass Transfer, 30, No. 3, 413-422 (2003).

10. R. Kandasamy, K. Periasamy, and K. K. Sivagnana Prabhu, Effects of chemical reaction, heat and mass transfer
along a wedge with heat source and concentration in the presence of suction or injection, Int. J. Heat Mass
Transfer, 48, No. 7, 1388-1394 (2005).

et

139



11.

P. Ganesan and H. P. Rani, On diffusion of chemically reactive species in convective flow along a vertical cyl-
inder, Chem. Eng. Process., 39, 93—-105 (2000).

12. R. Muthucumarswamy, Effects of chemical reaction on a moving isothermal vertical surface with suction, Acta
Mech., 155, 65-70 (2002).

13. R. Kandasamy et al., Chemical reaction, heat and mass transfer on MHD flow over a vertical stretching surface
with heat source and thermal stratification effects, Int. J. Heat Mass Transf., 48, 4557-4561 (2005).

14. A. Raptis and C. Perdikis, Viscous flow over a non-linearly stretching sheet in the presence of a chemical re-
action and magnetic field, Int. J. Non-Linear Mech., 41, 527-529 (2006).

15.  R. Kandasamy et al., Effects of chemical reaction, heat and mass transfer on boundary layer flow over a porous
wedge with heat radiation in the presence of suction or injection, Theor. Appl. Mech., 33, No. 2, 123-148
(20006).

16. S. M. M. El-Kabeir and M. M. M. Abdou, Chemical reaction, heat and mass transfer on MHD flow over a
vertical isothermal cone surface in micropolar fluids with heat generation/absorption, Appl. Math. Sci., 1, No.
34, 1663-1674 (2007).

17. M. A. A. Mahmoud, A note on variable viscosity and chemical reaction effects on mixed convection heat and
mass transfer along a semi-infinite vertical plate, Mathematical Problems in Engineering, Article ID 41323
(2007).

18. M. Q. Al-Odat and T. A. Al-Azab, Influence of chemical reaction on transient MHD free convection over a
moving vertical plate, Emirates J. Eng. Res., 12, No. 3, 15-21 (2007).

Appendix
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