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This study investigates the unsteady mixed convection flow past a vertical porous 
flat plate moving through a binary mixture in the presence of radiative heat transfer 
and nth-order Arrhenius type of irreversible chemical reaction by taking into account 
the diffusion-thermal (Dufour)  and thermo-diffusion (Soret) effects.  Assuming an 
optically thin radiating fluid and using a local similarity variable, the governing 
nonlinear partial differential equations have been transformed into a set of coupled 
nonlinear ordinary differential equations, which are solved numerically by applying 
shooting iteration technique together with fourth-order Runge-Kutta integration 
scheme. Graphical results for the dimensionless velocity, temperature, and concen- 
tration distributions are shown for various values of the thermophysical parameters 
controlling the flow regime. Finally, numerical values of physical quantities, such as 
the local skin-friction coefficient, the local Nusselt number, and the local Sherwood 
number are presented in tabular form. 
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Introduction 

Mixed convection boundary layer flow of a binary mixture of fluids with heat and 

mass transfer past a continuous moving surface has attracted considerable attention 

in the past several decades, due to its many important engineering and industrial 

applications (Jaluria, 1980; Schlichting, 1979). In nature such flows are encountered 

in the oceans, lakes, solar ponds, and the atmosphere. They are also responsible 

for the geophysics of planets. In industry, a familiar example of a binary mixture 

of fluids is an emulsion, which is the dispersion of one fluid within another fluid. 

Typical  emulsions  are  oil  dispersed  within  water  or  water  within  oil.  Another 

example where the mixture of fluids plays an important role is in multigrade oils. 

Polymeric-type fluids are added to the base oil so as to enhance the lubrication 

properties of mineral oil. Moreover, the mixed convection boundary layer problem 
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is also encountered in aerodynamic extrusion of plastic and rubber sheets, cooling of 

an infinite metallic plate in a cooling path, which may be an electrolyte, crystal grow- 

ing, the boundary layer along a liquid film in condensation processes, and a polymer 

sheet or filament extruded continuously from a die or along thread traveling between 

a feed roll and a windup roll are examples of practical applications of continuous 

moving surfaces. 

Several studies on boundary layer flow coupled with heat and mass transfer 

have already appeared in the literature (Chand rasekhar a et al., 1992; C  ham kha  

and  Khale d,  2 000;  M  akinde,   2005;   M  akind e  and  Ogul u,  2008;  O  gulu  and  

M  a kinde, 2 009). In all these studies Soret-Dufour effects were assumed to be neg- 
ligible. In combined heat and mass transfer processes, the thermal energy flux 

resulting from concentration gradients is referred to as the Dufour or diffusion- 

thermal effect. Similarly, the Soret or thermo-diffusion effect is the contribution 

to the mass fluxes due to temperature gradients. Moreover, when chemical species 

are introduced at a surface in the fluid domain with different (lower) density than 

the surrounding fluid, both Soret (thermo-diffusion) and Dufour (diffusion- 

thermal) effects can be influential. The effect of diffusion-thermal and thermal dif- 

fusion of heat and mass has been developed from the kinetic theory of gases by 

Chapman and Cowling (1952) and Hirshfel der et al. (1954). They explained the 

phenomena and derived the necessary formulas to calculate the thermal diffusion 

coefficient and the thermal-diffusion factor for monatomic gases or for polyatomic 

gas mixtures. Kafoussias and Williams (1995) studied the thermal diffusion and the 

diffusion-thermal effects on mixed free-forced convective and mass transfer steady 

laminar boundary layer flow, over a vertical flat plate, with temperature dependent 

viscosity. Alam and Rahm an (2006) studied the Dufour and Soret effects on mixed 

convection flow past a vertical porous flat plate with variable suction. A  nghel et al.  

(2000) investigated the Dufour and Soret effects on free convection boundary layer 

over a vertical surface embedded in a porous medium. Pos telnicu (2007) studied 

the influence of a magnetic field on heat and mass transfer by natural convection 

from a vertical surface embedded in an electrically conducting fluid-saturated 

porous medium considering Soret and Dufour effects with constant surface tem- 
perature and concentration. A  lam et al. (2007) presented an analysis of the Soret 

and Dufour effects on free convective heat and mass transfer flow in a porous 

medium with time-dependent temperature and concentration. Bég et al. (2009) 

investigated numerically the free convection magnetohydrodynamic heat and mass 

transfer from a stretching surface to a saturated porous medium with Soret and 

Dufour effects. Various other aspects dealing with the Soret and Dufour effects 

on steady boundary layer flow with combined heat and mass transfer problems 

have been reported (Afif y, 2009; Chamkha and Ben-Nakhi, 2008; Ts ai and Huang,  
2009;  S  eddeek ,  2004;  A  

El-A ziz, 20 08). 

bd allah, 2009; Alam et al., 2006; Ferdows et al., 2008 ;  

In spite of all these investigations reported in the literature, the thermo-diffusion 

and diffusion-thermal effects on unsteady mixed convection with heat and mass 

transfer have not yet been studied. Hence, based on the above-mentioned investiga- 

tions and applications, the present article considers unsteady mixed convection with 

Dufour and Soret effects past a vertical porous plate moving through a binary mix- 

ture in the presence of radiative heat transfer and nth-order Arrhenius-type chemical 

reaction. Numerical calculations were carried out for different values of the various 

dimensionless parameters controlling the flow regime. It is hoped that the results 
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obtained will not only provide useful information for applications, but also serve as a 

complement to the previous studies. 

 
Mathematical Analysis 

Consider unsteady one dimensional convective flow of an optically thin radiating 

incompressible fluid past a flat plate moving through a binary mixture (see 

Figure 1). Following Alam and Rahman (2006), we assume the Dufour effect may 

be described by a second-order concentration derivative with respect to the trans- 

verse coordinate in the energy conservation equation and the Soret effect by a 

second-order temperature derivative in the concentration equation. 

Under these assumptions, along with B ussi esq’s approximation, the govern- 

ing equations for continuity, momentum, energy, and species diffusion in laminar 

incompressible boundary layer flow can be written as follows: 

@v 

@y 
¼  0; ð1Þ 

@u @u @2u 

@t 
þ v 

@y 
¼ t 

@y2 
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@T  @ T 
 

 @2T 4 qDkT @2C 
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@C @C @2C DkT @2T 

@t  
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@y2        
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T
 

@y2 
ð4Þ 

 
 

 
 

Figure 1. Flow configuration and coordinate system. 
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where u and v are velocity components in x and y directions respectively, T is the 
temperature, t is the time, g is the acceleration due to gravity, a is the absorption 
coefficient, kT is the thermal diffusion ratio, cs is the concentration susceptibility, 
Tm is the mean fluid temperature, r is the Stefan-Boltzmann constant, b is the ther- 
mal expansion coefficient, bc is the concentration expansion coefficient, t is the kine- 
matic viscosity, D is the chemical molecular diffusivity, k is the thermal conductivity, 
q is the density, Tw is the wall temperature, T1 is the free stream temperature, Cw is 
the species concentration at the plate surface, C1 is the free stream concentration, 

Q ¼ (  DH)RA  is the heat of chemical reaction, and DH is the activation enthalpy. 

For an optically thin fluid a   1, and the approximate form of the flux equation 
(Ch eng, 1964) is utilized in Equation (3). We employed Arrhenius type of the 

nth-order irreversible reaction given by (Kamenets kii, 1969)  

 
RA   ¼ kre  E=RG T Cn ð5Þ 

where kr is the chemical reaction rate, RG is the universal gas constant, and E is the 

activation energy parameter. The appropriate initial and boundary conditions are 

 

uðy; 0Þ ¼ 0; T ðy; 0Þ ¼ Tw;  Cðy; 0Þ ¼ Cw  ð6Þ 

uð0; tÞ ¼ U0 ; T ð0; tÞ ¼ Tw; Cð0; tÞ ¼ Cw; t > 0  ð7Þ 

u ! 0; T ! T1; C  ! C1  as  y ! 1; t > 0 ð8Þ 

where U0 is the plate characteristic velocity. We introduce the following dimension- 

less quantities and parameters: 
 

ðT ; Tw Þ   ð C ; C w Þ   4 t tg b T 1  

u ¼ U0F ðgÞ; ðh; hwÞ ¼ ; ðu; uwÞ ¼ 
1 
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1 0 
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c T
 qc t 
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k 
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qc
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D 
; 
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E y 
0 
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p 

—  E ð  DH ÞC1  

c ¼ 
GT1 
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2
pffi

t
ffiffi

t
ffi ; Sr ¼ 

qT  C
 

; k0 ¼ kre 
 

GT1 ; b ¼ ; 
qcpT1 

16ratT 3 
n  1 

Ra ¼ 
qcp 

1 ; Da ¼ 4tk0C  : ð9Þ 

 

From Equation (1), v is either constant or a function of time. Following M   

(2005), we choose 

akinde  

 

v  ¼  c 
 t 2

 

 

 

t 
; ð10Þ 

where c > 0 is the suction parameter and c < 0 is the injection parameter. Equations 

(2)–(4) then become 

 

F 00  þ 2ðg þ cÞ F 0  ¼  Grðh  1Þ  Gc ðu  1Þ ð11Þ 

 

T C 

R 1 
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þ Rah4 ð12Þ 
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u00 þ 2ðg þ cÞ u0 þ Srh00  ¼ Daun exp  c 1  

1
  

 

 

ð13Þ 
Sc h 

 

with the boundary conditions 

 

F ð0Þ ¼ 1 ; hð0Þ  ¼ hw; uð0Þ  ¼ uw; 

F ð1Þ ¼ 0;  hð1Þ ¼ 1; uð1Þ ¼ 1; 
ð
 

 

 
14Þ 

 

where the prime symbol denotes differentiation with respect to g, b is the heat gen- 

eration parameter, Da is the Damkö hler number, Ra is the radiation parameter, c is 
the activation energy parameter, Gr is the local thermal Grashof number, Gc is the 
local solutal Grashof number, Sr is the Soret number, and Du is the Dufour number. 
Also, other quantities of physical interest in this problem are the local skin friction 
(Cf), local Nusselt number (Nu), and Sherwood numbers (Sh), which are defined by 
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t
ffi 
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2
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t
ffiffi

t
ffi 

@C
  

Sh ¼    
1 

  
  
 
y¼0 

¼ u0ð0Þ ð17Þ 

 

and from that we can easily compute the results of the local skin friction, local 

Nusselt number, and local Sherwood number. 

 
Numerical Procedure 

The coupled nonlinear differential equations (11)–(13) with the boundary conditions 

in (14) are solved computationally using the fourth-order Runge-Kutta method with 

a shooting technique and implemented on Maple software (Maplesoft, Waterloo, 

Ont., Canada). The details of the solution method are omitted here to conserve 

space. The step size 0.001 is used to obtain the numerical solution with seven-decimal 

place accuracy as the criterion of convergence. 

 
Results and Discussion 

For the present problem numerical computations are carried out by employing the 

similarity solution for all g and different values of the thermophysical parameters 

controlling the fluid dynamics in the flow regime. The values of the Schmidt number 

(Sc) are chosen for hydrogen (Sc ¼ 0.22), water vapor (Sc ¼ 0.62), and ammonia 

(Sc ¼ 0.78) at 25 C and one atmospheric pressure. The value of the Prandtl number 

is chosen to be Pr ¼ 0.71, which represents air at 25 C and one atmospheric pressure. 

@y 

@y 

 

T 

C 
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Table I. Comparison of the values of Cf, Nu, and Sh for Gr ¼ Gc ¼ 5, Ra ¼ 0.1, 

 n ¼ Da ¼ Du ¼ Sr ¼ 0, hw ¼ u w ¼ 1   
 

 

 
C 

 

 
Sc 

 

 
Pr 

Cf 

Makinde, 

2005 

Nu 

Makinde, 

2005 

Sh 

Makinde, 

2005 

 
Cf 

present 

 
Nu 

present 

 
Sh 

Present 

0.15 0.5 0.71 3.30826 1.11600 0.89576 3.31492 0.98386 0.89576 

0.25 0.5 0.71 3.09046 1.21262 0.96355 3.09685 1.06916 0.96355 

0.25 0.7 0.71 2.77995 1.21262 1.17758 2.78579 1.06916 1.17758 

0.25 1.0 0.71 2.47789 1.21262 1.46476 2.48389 1.06916 1.46476 

0.25 0.5 0.90 2.88371 1.40022 0.96355 2.88953 1.23461 0.96355 

0.25 0.5 1.00 2.79575 1.49399 0.96355 2.80154 1.31725 0.96355 

 
Attention is focused on positive values of the buoyancy parameters, i.e., local 
thermal Grashof number Gr > 0 (which corresponds to the cooling problem) and 
local solutal Grashof number Gc > 0 (which indicates that the chemical species con- 
centration in the free stream region is less than the concentration at the boundary 
surface). The cooling problem is often encountered in engineering applications, for 
example, in the cooling of electronic components and nuclear reactors. It should 
be mentioned here that Da > 0 indicates an increase in the destructive chemical reac- 
tion rate, while Da < 0 corresponds to an increase in generative chemical reaction 
rate. In order to check our computational method for numerical accuracy, we com- 
pare a special case of this present study (n ¼ Da ¼ Du ¼ Sr ¼ 0) with the numerical 
data from a previously published paper (Mak inde, 2005); as shown in Table I, the 
results obtained are in perfect agreement. From Table II, it is seen that the local skin 
friction on the plate surface increases with increasing parameter values of Ra, n, Gr, 
Gc, Sr, Du, Sc, c > 0 and decreases with increasing values of Sc, Da. The local heat 
transfer rate at the plate surface (Nu) increases with increasing values of Da, Sr, c > 0 
and decreases with increasing values of Sc, Ra, n, Du. Further, it is found that the 
local Sherwood number at the plate surface increases with an increase in Sc, Ra, 
n, Du, c > 0 and decreases with increasing values of Da, Sr. 

 

 

Velocity Profiles 

Figures 2 and 3 depict the effect of buoyancy forces (Gr and Gc) on the fluid velocity 

within the boundary layer. The fluid velocity is highest at the moving plate surface, 
decreases gradually with the occurrence of reverse flow within the boundary layer, 
and eventually straightens out to the free stream zero value far away from the plate, 
satisfying the boundary condition. However, the momentum boundary layer thick- 
ness generally decreases as the parameter values of Gr and Gc increase in the presence 
of uniform suction at the plate surface. It is interesting to note that the down peak of 
reverse flow velocity within the boundary layer increases as the intensity of buoyancy 

forces increases, i.e., with gradual increase in the parameter values of Gr and Gc. 
Figure 4 represents the velocity profiles for different values of suction=injection 
parameter. It is observed that the momentum boundary layer thickness decreases 
with suction (c > 0) and increases with injection (c < 0). This is in agreement with 
the usual fact that suction stabilizes the boundary layer growth, as reported by Alam 
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Table 2. Computations showing values of u0ð0Þ, F 0ð0Þ, and h0ð0Þ for b ¼ 1, Pr ¼ 0.71, 

 c ¼ hw ¼ u w ¼ 1   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.  Effects of thermal Grashof number on the velocity profiles when Gc ¼ 2, c ¼ Ra ¼ 

Da ¼ hw ¼ uw ¼ c ¼ 0.1, Du ¼ 0.3, Sr ¼ 0.5, b ¼ 1, n ¼ 2, Sc ¼ 0.62. 

 

Da Sc c Ra n Gr Gc Sr Du F 0ð0Þ  u0ð0Þ  h0ð0Þ 

0.1 0.22 0.1 0.1 1 0.1 0.1 0.1 0.1 1.3643409 0.43942224 0.92901581 

0.2 0.22 0.1 0.1 1 0.1 0.1 0.1 0.1 1.3636363 0.39356836 1.00765281 

0.3 0.22 0.1 0.1 1 0.1 0.1 0.1 0.1 1.3631537 0.35169895 1.07685504 

0.1 0.62 0.1 0.1 1 0.1 0.1 0.1 0.1 1.3493964 0.73498767 0.92488023 

0.1 0.78 0.1 0.1 1 0.1 0.1 0.1 0.1 1.3465930 0.82617175 0.92177805 

0.1 0.22 1.0 0.1 1 0.1 0.1 0.1 0.1 2.7395646 0.65675647 1.76910475 

0.1 0.22  0.1 0.1 1 0.1 0.1 0.1 0.1 1.1089790 0.39608977 0.77089113 

0.1 0.22  1.0 0.1 1 0.1 0.1 0.1 0.1 0.3113181 0.22742720 0.24525865 

0.1 0.22 0.1 0.2 1 0.1 0.1 0.1 0.1 1.3712201 0.44081956 0.85696810 
0.1 0.22 0.1 0.3 1 0.1 0.1 0.1 0.1 1.3767368 0.44190333 0.80218646 

0.1 0.22 0.1 0.1 3 0.1 0.1 0.1 0.1 1.3646601 0.45173257 0.90246855 

0.1 0.22 0.1 0.1 5 0.1 0.1 0.1 0.1 1.3647969 0.45706060 0.89220730 

0.1 0.22 0.1 0.1 1 1.0 0.1 0.1 0.1 1.7225061 0.43942224 0.92901581 

0.1 0.22 0.1 0.1 1 5.0 0.1 0.1 0.1 3.3143516 0.43942224 0.92901581 

0.1 0.22 0.1 0.1 1 0.1 1.0 0.1 0.1 1.9568561 0.43942224 0.92901581 

0.1 0.22 0.1 0.1 1 0.1 5.0 0.1 0.1 4.5902569 0.43942224 0.92901581 

0.1 0.22 0.1 0.1 1 0.1 0.1 0.5 0.1 1.3667731 0.38493735 0.93009986 

0.1 0.22 0.1 0.1 1 0.1 0.1 1.0 0.1 1.3698136 0.31655252 0.93147352 

0.1 0.22 0.1 0.1 1 0.1 0.1 0.1 0.5 1.3663249 0.44026995 0.88601896 

0.1 0.22 0.1 0.1 1 0.1 0.1 0.1 1.0 1.3688255 0.44135115 0.83143833 
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Figure 3.  Effects of solutal Grashof number on the velocity profiles when Gr ¼ 1, c ¼ Ra ¼ 

Da ¼ hw ¼ uw ¼ c ¼ 0.1, b ¼ 1, n ¼ 2, Du ¼ 0.3, Sr ¼ 0.5, Sc ¼ 0.62. 

 

and Rahman (2006). Moreover, a similar trend of flow reversal within the boundary 

layer also occurs and the lowest peak of the reverse flow velocity is enhanced by 

injection. Figure 5 represents the velocity profiles for different values of Soret and 

Dufour numbers and constant values of other physical parameters. It is observed 

that the velocity of fluid decreases with an increase of Soret number and a decrease 

of Dufour number. The lowest peak of the reverse flow velocity corresponds to the 

highest Soret number and lowest Dufour number. Figure 6 shows the effect of ther- 

mal radiation over the velocity profiles. It is observed that the velocity of the fluid 

 
 

 
 

Figure 4. Effects of suction=injection parameter on the velocity profiles when Gc ¼ 2, Gr ¼ 1, 

c ¼ Ra ¼ Da ¼ hw ¼ uw ¼ 0.1, b ¼ 1, n ¼ 2, Du ¼ 0.3, Sr ¼ 0.5, Sc ¼ 0.62. 
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Figure 5.  Soret with Dufour effect over the velocity profiles when Gc ¼ 2, Gr ¼ 1, c ¼ Ra ¼ Da 

¼ hw ¼ uw ¼ 0.1, b ¼ 1, n ¼ 2, Sc ¼ 0.62. 

 

decreases with an increase in the parameter values of Ra. It is worth mentioning that 

an increase in thermal radiation parameter (Ra) indicates an increase in radiative 

heat loss to the ambient, thereby augmenting the fluid cooling rate and flow reversal 

within the boundary layer. From Figure 7, it is observed that the velocity of the fluid 

 

 

 
 

Figure 6. Effects of thermal radiation on the velocity profiles when Du ¼ 0.3, Sr ¼ 0.5, Gr ¼ 1, 

Gc ¼ 2, Da ¼ c ¼ hw ¼ uw ¼ c ¼ 0.1, b ¼ 1, n ¼ 2, Sc ¼ 0.62. 
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Figure 7. Effects of Damkö hler number on the velocity profiles when Du ¼ 0.3, Sr ¼ 0.5, 

Gr ¼ 1, Gc ¼ 2, c ¼ Ra ¼ hw ¼ uw ¼ c ¼ 0.1, b ¼ 1, n ¼ 2, Sc ¼ 0.62. 

 

increases with an increase in generative chemical kinetics (Da < 0) and decreases with 

an increase in destructive chemical reaction rate (Da > 0). It is noteworthy that the 

flow reversal within the boundary layer is enhanced by an increase in the rate of 

destructive chemical reaction. 

 

Temperature  Profiles 

The effects of various thermophysical parameters on the fluid temperature are 

illustrated in Figures 8–13. Generally, the fluid temperature increases from the plate 

 
 

 
 

Figure 8. Effects of wall temperature variation on fluid temperature profiles when Du ¼ 0.3, 

Sr ¼ 0.5, Gr ¼ 1, Gc ¼ 2, Ra ¼c ¼ Da ¼ uw ¼ c ¼ 0.1, b ¼ 1, n ¼ 2, Sc ¼ 0.62. 
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Figure 9. Effects of Damkö hler number on the temperature profiles when Du ¼ 0.3, Sr ¼ 0.5, 

Gr ¼ 1, Gc ¼ 2, c ¼ Ra ¼ hw ¼ uw ¼ c ¼ 0.1, b ¼ 1, n ¼ 2, Sc ¼ 0.62. 

 

surface and attains its peak value at the free stream whenever the plate surface tem- 

perature hw is lower than the free stream temperature. The trend is reversed whenever 
the plate surface temperature is higher than that of the free stream (see Figure 8). It is 

noteworthy that all the temperature profiles satisfy the far field boundary conditions 

asymptotically. Figure 9 shows that the temperature profiles increase with increasing 
Damkö hler number (Da > 0) for destructive chemical reaction and decreases with 

increase in the generative chemical reaction rate (Da < 0). The increase in tempera- 
ture when Da > 0 can be attributed to internal heat generation in the fluid due to 

Arrhenius kinetics. From Figure 10, it is observed that increase in the radiation para- 
meter Ra decreases the temperature distribution in the thermal boundary layer. This 

is because large values of radiation parameter correspond to an increase in domi- 
nance of conduction over radiation, thereby decreasing the thickness of the thermal 

 
 

 
 

Figure 10. Effects of thermal radiation on the fluid temperature profiles when Du ¼ 0.3, 

Sr ¼ 0.5, Gr ¼ 1, Gc ¼ 2, c ¼ Da ¼ hw ¼ uw ¼ c ¼ 0.1, b ¼ n ¼ 1, Sc ¼ 0.62. 
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Figure  11. Effects  of  increasing  reaction  order  on  temperature  profiles  when  Du ¼ 0.3, 

Sr ¼ 0.5, Gr ¼ 1, Gc ¼ 2, Ra ¼ c ¼ Da ¼ hw ¼ uw ¼ c ¼ 0.1, b ¼ 1, Sc ¼ 0.62. 

 

boundary layer and increasing the heat loss to the ambient. Figure 11 depicts the 

variation of temperature profile against spanwise coordinate g for various values 

of reaction order index (n) and for fixed values of other physical parameters. It is 

observed from this figure that increase in reaction order index decreases temperature 

distribution throughout the boundary layer due to decrease in boundary layer thick- 

ness. Figure 12 depicts the variation of temperature profiles against g for different 

values of Soret and Dufour numbers and by fixing other physical parameters. From 

this graph we observe that fluid temperature profile increases slightly with an 

increase in Soret number (Sr) and a decrease in Dufour number (Du). This confirmed 

the recent observation by Tsai and Huang (2009). The effect of suction=injection 

 
 

 
 

Figure  12.  Soret  with  Dufour  effect  over  the  temperature  profiles  when  Gc ¼ 2,  Gr ¼ 1, 

c ¼ Ra ¼ Da ¼ hw ¼ uw ¼ 0.1, b ¼ 1, n ¼ 2, Sc ¼ 0.62. 
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Figure 13. Effects of suction=injection on the temperature profiles with increasing values when 

Gc ¼ 2, Gr ¼ 1, c ¼ Ra ¼ Da ¼ hw ¼ uw ¼ 0.1, b ¼ 1, n ¼ 2, Du ¼ 0.3, Sr ¼ 0.5, Sc ¼ 0.62. 

 

parameter on the fluid temperature is highlighted in Figure 13. It is observed that the 

fluid temperature increases with suction and decreases with injection. 

 

Concentration Profiles 

Figures 14–19 depict chemical species concentration profiles against spanwise coor- 

dinate g for varying values of physical parameters in the boundary layer. It is note- 

worthy that the species concentration increases from the plate surface and attains its 

 
 

 
 

Figure 14. Variation of the boundary layer concentration profiles with increasing species con- 

centration at the plate when Gr ¼ 1, Gc ¼ 2, Ra ¼ c ¼ Da ¼ hw ¼ c ¼ 0.1, b ¼ 1, n ¼ 2, Du ¼ 0.3, 

Sr ¼ 0.5, Sc ¼ 0.62. 
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Figure  15. Effects  of  Damkö hler  number  on  the  concentration  profiles  when  Du ¼ 0.3, 

Sr ¼ 0.5, Gr ¼ 1, Gc ¼ 2, c ¼ Ra ¼ hw ¼ uw ¼ c ¼ 0.1, b ¼ 1, n ¼ 2, Sc ¼ 0.62. 

 

peak value at free stream whenever the concentration at the plate surface uw is lower 

than that of the free stream. The trend is reversed whenever the species concentration 

at the plate surface is higher than that of the free stream (see Figure 14). We remark 

here that all the concentration profiles satisfy the far field boundary conditions 

asymptotically. The effect of chemical reaction rate parameter (Da) on the species 

concentration profiles is shown in Figure 15. From the graph we observe that there 

 
 

 
 

Figure  16.  Soret  with  Dufour  effect  over  the  concentration  profiles  when  Gc ¼ 2,  Gr ¼ 1, 

c ¼ Ra ¼ Da ¼ hw ¼ uw ¼ 0.1, b ¼ 1, n ¼ 2, Sc ¼ 0.62. 
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Figure 17. Effects of Schmidt number on the concentration profiles when Du ¼ 0.3, Sr ¼ 0.5, 

Gr ¼ 1, Gc ¼ 2, Ra ¼ c ¼ Da ¼ hw ¼ uw ¼ c ¼ 0.1, b ¼ 1, n ¼ 2. 

 

is a marked effect of increasing value of both destructive and generative chemical 

reaction on concentration distribution in the boundary layer. Further, it is observed 

that increasing the value of the destructive chemical reaction rate (Da > 0) decreases 

the concentration of species within the boundary layer; this is due to the fact that 

destructive chemical reaction reduces the solutal boundary layer thickness and 

increases the mass transfer. The trend is reversed for generative chemical reaction 

(Da < 0); the species concentration increases, attains its peak value within the bound- 

ary layer, and decreases to the free stream value far away from the plate. Moreover, 

the peak value of the species concentration profile increases with an increase in gen- 

erative chemical reaction rate. Figure 16 is a plot of concentration profiles against g 
for various values of Soret and Dufour numbers. As seen from the graph, an increase 

 

 

 
 

Figure 18. Effects of increasing reaction order on the concentration profiles when Du ¼ 0.3, 

Sr ¼ 0.5, Gr ¼ 1, Gc ¼ 2, Ra ¼ c ¼ Da ¼ hw ¼ uw ¼ c ¼ 0.1, b ¼ 1, Sc ¼ 0.62. 
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Figure 19. Variation of the boundary layer concentration profiles with increasing values of 

suction=injection parameter when Gc ¼ 2, Gr ¼ 1, c ¼ Ra ¼ Da ¼ hw ¼ uw ¼ 0.1, b ¼ 1, n ¼ 2, 
Du ¼ 0.3, Sr ¼ 0.5, Sc ¼ 0.62. 

 

in parameter values of Sr and a decrease in the values of Du cause a decrease in the 

concentration of the chemical species in the boundary layer. Tsai and Huang (2009)  

reported similar observation on the effect of Sr and Du. Figure 17 is drawn for con- 

centration profile versus g for different values of the Schmidt number Sc. We 

observed from this figure that the effect of Schmidt number Sc is to decrease the con- 

centration distribution for lower values of Sc in the solutal boundary layer. As can 

be expected, the mass transfer rate decreases as Sc increases, with all other para- 

meters fixed, that is, a decrease in the Schmidt number Sc decreases the concen- 

tration boundary layer thickness,  which is associated with the  reduction in the 

concentration profiles. Physically, the increase of Sc means a decrease of molecular 

diffusion D. Hence, the concentration of the species is higher for large values of Sc 

and lower for small values of Sc. A similar trend is observed with increasing value of 

reaction order index n (see Figure 18). It is interesting to note that an overshoot of 

concentration profile within the boundary layer occurs as n increases; this can be 

attributed to the fact that a significant decrease in the reacting species molecular dif- 

fusivity occurs due to higher order exothermic chemical kinetics within the concen- 

tration boundary layer. The effect of suction=injection parameter on the chemical 

species concentration in the boundary layer is depicted in Figure 19. From this fig- 

ure, it is seen that the species concentration within the boundary layer is higher for 

suction and lower for injection. 

 

 

Conclusions 

In this work, we have studied numerically unsteady mixed convection with Dufour 

and Soret effects past a semi-infinite vertical porous flat plate moving through a 

binary mixture of chemically reacting fluid. Numerical solutions for the governing 

equations for momentum, energy, and concentration are given. Tabulated values 

and graphical representations are presented for the velocity, temperature, and 
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concentration profiles as well as local skin friction, local Nusselt number, and local 

Sherwood number. Our results reveal, among other points, that 

● Local skin friction (Cf) increases with increasing parameter values of Ra, n, Gr, Gc, 

Sr, Du, Sc, c > 0 and decreases with increasing values of Sc, Da. 

● Local Nusselt number (Nu) increases with increasing values of Da, Sr, c > 0 and 

decreases with increasing values of Sc, Ra, n, Du. 

● Local Sherwood number increases with an increase in the values of Sc, Ra, n, Du, 

c > 0 and decreases with increasing values of Da, Sr. 
● A reverse flow within the boundary layer is enhanced with an increase in the inten- 

sity of buoyancy forces, injection, destructive chemical reaction, radiation absorp- 

tion, and thermo-diffusion (Soret) effect and a decrease in the diffusion-thermal 

(Dufour) effect. 

● Fluid temperature increases while the species concentration decreases with an 

increase in Soret number and a decrease in Dufour number. Therefore, we can 

conclude that for fluids with medium molecular weight, like hydrogen-air mix- 

tures, Dufour and Soret effects should not be neglected. 
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Nomenclature 

b heat generation parameter 

C concentration of the fluid 

Cf local skin friction parameter 

Cw surface  concentration 

C1 free stream concentration 
c suction parameter 

cp specific heat at constant pressure 

cs concentration  susceptibility 

D diffusion coefficient; mass diffusivity 

Da Dämkohler number 

Du Dufour number 

E activation energy 
Gc local solutal Grashof number 
Gr local thermal Grashof number 
g gravitational  acceleration 

k thermal conductivity 

kT thermal diffusion ratio 

Nu local Nusselt number 

Pr Prandtl  number 
Q heat generation coefficient 

RA nth-order irreversible reaction 

Ra radiation parameter 

RG universal gas constant 
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Sc Schmidt number 

Sh local Sherwood number 

Sr Soret number 

T fluid temperature 

Tm mean fluid temperature 

Tw surface temperature 

T1 free stream temperature U0

 plate uniform velocity (u, v)

 velocity components 

(x, y) Cartesian coordinates 

Greek Letters 

a absorption coefficient 

b thermal volumetric-expansion coefficient 

bc concentration volumetric-expansion coefficient 

c activation energy parameter 

g similarity variable 

h fluid temperature 

q fluid density 

r Stefan-Boltzmann constant 

t kinematic viscosity 

u fluid concentration 
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