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Abstract:  
The combined effect of thermal radiation and a first-order chemical reaction on steady hydrodynamic heat and mass transfer flow of a 

micropolar fluid bounded by a vertical infinite surface in the presence of viscous dissipation with constant suction. Approximate solutions of 

the coupled nonlinear governing equations are obtained for different values of the radiation, chemical reaction, microrotation and the 

magnetic-parameters. The effects of the various dimensionless parameters entering into the problem on the velocity, microrotation, 

temperature and concentration profiles across the boundary layer are investigated through graphs. Also the numerical values of the skin 

friction coefficient, couple stress coefficient, the rate of heat and mass transfer at the wall are prepared with various values of the 

parameters.  
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1. Introduction  

The dynamics of micropolar fluids has attracted considerable attention during the last few decades 

because traditional Newtonian fluids cannot precisely describe the characteristics of fluid flow with suspended 

particles. Eringen [1] developed the theory that the local effects arising from the microstructure and the intrinsic 

motion of the fluid elements should be taken into account. The theory is expected to provide a mathematical 

model for the Non-Newtonian fluid behaviour observed in certain man-made liquids such as polymers, 

lubricants, fluids with additives, paints, animal blood and colloidal and suspension solutions, etc. The presence 

of dust or smoke, particularly in a gas, may also be modeled using micropolar fluid dynamics. Later, Eringen 

[2] extended the theory of thermo-micropolar fluids and derived the constitutive laws for fluids with 

microstructures.  

Also, the study of micropolar fluids is very significant due to their potential application in many 

industrial processes; for example, in continuous casting glass-fiber production, paper production, metal 

extrusion, hot rolling, wire drawing, drawing of plastic films, metal and polymer extrusion and metal spinning. 

Balaram and Sastry [3] solved the problem of a fully developed free convection flow in a micropolar flow. 

Agarwal and Dhanapal [4] obtained a numerical solution to study the fully developed free convection 

micropolar fluid flow between two parallel with constant suction (or injection). Srinivasacharya et al. [5] 

studied the effects of microrotation and frequency parameters on an unsteady flow of micropolar fluid between 

two parallel porous plates with a periodic suction. El-Hakiem [6] obtained a similarity solution for the flow of a 

micropolar fluid along an isothermal vertical plate with an exponentially decaying heat generation term and 

thermal dispersion. 

The interaction of magnetic field and microrotation plays a vital role in several engineering applications 

such as in MHD electrical power generation, designing cooling system for nuclear reactors, etc., where 

microrotation provides an important parameter for deciding the rate of heat flow. Gorla et al. [7] developed a 

numerical scheme to solve the steady free convection from a vertical isothermal plate in a strong cross magnetic 

field immersed in a micropolar fluid. El-Hakiem et al. [8] analyzed the effect of viscous and Joule heating on 

the flow of an electrically conducting and micropolar fluid past a plate whose temperature varies linearly with 

the distance from the leading edge in the presence of a uniform transverse magnetic field. Helmy et al. [9] 

studied the unsteady flow MHD of a conducting micropolar fluid, through a porous medium, over an infinite 

plate that is set in motion in its own plane by an impulse. Bhargava et al. [10] obtained a numerical solution of a 

free convection MHD micropolar fluid flow between two parallel porous vertical plates by means of the quasi-

linearization method.  
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The effect of radiation on MHD flow and heat transfer problem has become more important industrially. 

At high operating temperatures, radiation effect can be quite significant. Many processes in engineering areas 

occur at high temperatures and knowledge of radiation heat transfer becomes very important for design of 

reliable equipment, nuclear plants, gas turbines and various propulsion devices or aircraft, missiles, satellites 

and space vehicles. Based on these applications, Cogley et al. [11] showed that in the optically thin limit, the 

fluid does not absorb its own emitted radiation but the fluid does absorb radiation emitted by the boundaries. 

Sattar and Hamid [12] investigated the unsteady free convection interaction with thermal radiation in a 

boundary layer flow past a vertical porous plate. Hossain and Takhar [13] considered the radiation effect on 

mixed convection boundary layer flow of an optically dense viscous incompressible fluid along a vertical plate 

with uniform surface temperature. Raptis [14] investigated the steady flow of a viscous fluid through a porous 

medium bounded by a porous plate subjected to a constant suction velocity by the presence of thermal radiation. 

Ibrahim et al. [15] discussed the case of mixed convection flow of a micropolar fluid past a semi infinite steady 

moving porous plate with varying suction velocity normal to the plate in the presence of thermal radiation and 

viscous dissipation. Rahman and Sattar [16] studied transient convective flow of micropolar fluid past a 

continuous moving porous plate in the presence of radiation. Rahman and Sultana [17] examined radiative heat 

flux with variable heat flux in a porous medium.  

In certain applications such as those involving heat removal from nuclear fuel debris, underground 

disposal of radioactive waste material, storage of food stuffs, and exothermic chemical reactions and 

dissociating fluids in packed-bed reactors, the working fluid heat generation or absorption effects are important. 

In addition, in many chemical engineering processes, chemical reactions take place between a foreign mass and 

the working fluid which moves due to the stretching of a surface. The order of the chemical reaction depends on 

several factors. One of the simplest chemical reactions is the first-order reaction in which the rate of reaction is 

directly proportional to the species concentration. Das et al. [18] have studied the effects of mass transfer on the 

flow past impulsively started infinite vertical plate with constant heat flux and chemical reaction. Diffusion of a 

chemically reactive species from a stretching sheet is studied by Andersson et al. [19]. Muthucumaraswamy and 

Ganesan [20–21] studied the impulsive motion of a vertical plate with heat flux/mass flux/suction and diffusion 

of chemically reactive species. Ghaly and Seddeek [22] discussed the effects of chemical reaction, heat and 

mass transfer on laminar flow along a semi infinite horizontal plate with temperature dependent viscosity, using 

Chebyshev finite difference method. Seddeek [23] studied the  effects of chemical reaction, variable viscosity, 

thermophoresis and heat generation/absorption on a boundary layer hydromagnetic flow with heat and mass 

transfer over a heat surface, using the finite element method. Raptis and Perdikis [24] discussed the viscous 

flow over a non-linearly stretching sheet in the presence of chemical reaction and magnetic field. The effect of 
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the chemical reaction and radiation absorption on the unsteady MHD free convection flow past a semi-infinite 

vertical permeable moving plate with heat source and suction has been studied by Ibrahim et al. [25]. Recently, 

Bakr [26] presented an analysis on MHD free convection and mass transfer adjacent to moving vertical plate for 

micropolar fluid in a rotating frame of reference in presence of heat generation/absorption and a chemical 

reaction.  

In all these investigations, the viscous dissipation is neglected. The viscous dissipation heat in the 

natural convective flow is important, when the flow field is of extreme size or at low temperature or in high 

gravitational field. Such effects are also important in geophysical flows and also in certain industrial operations 

and are usually characterized by the Eckert number. When the viscosity of the fluid is high, the dissipation term 

becomes important. For many cases, such as polymer processing which is operated at a very high temperature, 

viscous dissipation cannot be neglected. A number of authors have considered viscous dissipation effects on 

micropolar fluid flows [27-28]. 

The object of the present chapter is to study the combined effect of thermal radiation and a first-order 

chemical reaction on a steady free convection mass transfer flow of a viscous electrically conducting, 

micropolar fluid, occupying a semi-infinite region of the space bounded by an infinite vertical porous limiting 

surface with constant suction velocity in the presence of a uniform transverse magnetic field and viscous 

dissipation. The dimensionless governing equations of the flow, heat and mass transfer are solved analytically 

using Runge-Kutta fourth order technique along with shooting method. Numerical results are reported in figures 

for various values of the physical parameters of interest. 

2. Mathematical analysis:          

A steady two-dimensional MHD free convection with mass transfer flow of an electrically conducting 

incompressible, chemically reacting, radiative and dissipative micropolar fluid, occupying a semi-infinite region 

of the space bounded by an infinite vertical porous limiting surface in the presence of thermal and concentration 

buoyancy forces, is considered. The x′ - axis is taken along in the upward direction and y′ - axis is taken normal 

to it. The applied magnetic field is considered in the direction perpendicular to the plate. The transversely 

applied magnetic field and magnetic Reynolds number are assumed to be very small, so that the induced 

magnetic field is negligible.  It is also assumed that there is no applied voltage which implies the absence of an 

electrical field. The fluid is assumed to have constant properties except that the influence of the density 

variation with temperature is considered only in the body force term (Boussinesq’s approximation). Since the 

plate is of infinite length, the physical variables are functions of y′only. Under the above assumptions, the 

governing equations of mass, linear momentum, angular momentum, energy and concentration can be written 

as:   
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where u′ , v′ are the velocity components in the x′ , y′directions, respectively, g  is the acceleration due to 

gravity, ρ is the fluid density, ν µ ρ=  is the kinematic viscosity, χ  is vortex velocity, fβ  and cβ  are the 

thermal and concentration expansion coefficients, respectively, *ω  is the component of the microrotation 

(angular velocity) vector normal to the x y′ ′ -plane, γ  is the spin gradient viscosity, j  is the micro inertia 

density, T  is the temperature of the fluid in the thermal boundary layer ,α  is the fluid thermal diffusivity, C  is 

the concentration of fluid in the thermal boundary layer, D′  is the chemical molecular diffusivity. The second 

and third terms on the right hand side of the momentum Eq. (2) denotes thermal and concentration buoyancy 

effects, respectively.  The second and third terms on the right-hand side of the Eq. (4) represents the thermal 

radiation and viscous dissipation effects, respectively. Also, the last term in the Eq. (5) represents a first-order 

chemical reaction.  

The corresponding boundary conditions are  
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ω
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where wC , wT are the concentration and temperature on the limiting surface, respectively and T∞ , C∞  are the 

temperature and concentration of fluid in the free steam, respectively. 

In equation (6), the boundary condition for the micro-rotation variable ω at the wall is proportional to 

the surface shear stress, the proportional parameter n ranges between 0 and 1. The value for n = 0 corresponds 

to the case where the particle density is sufficiently large so that microelements close to the wall are unable to 

rotate. The value of n = 0.5 represents a weak representation of the microelements and the value of n = 1.0 

corresponds to the turbulent flow inside boundary layers of micro-rotation (Rees and Bassom [29]). 
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By using the Rosseland approximation (Brewster [30]), the radiative heat flux in the y′direction is given 

by    
44

3
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=
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                                                    (7) where σs is the Stefan - 

Boltzmann constant and Ke - the mean absorption coefficient. It should be noted that by using the Rosseland 

approximation, the present analysis is limited to optically thick fluids. If temperature differences with in the 

flow are sufficiently small, then Eq. (7) can be linearised by expanding 4T ′ into the Taylor series aboutT∞′ , 

which after neglecting higher order terms takes the form.  
4 3 44 3T T T T∞ ∞′ ′ ′ ′≅ −                                                                          (8) 

Integrating of Eq.(1) gives 

0v V′ = −                   (9) 

where 0V   is the scale of suction velocity which is a non-zero positive constant. The negative sign indicates that 

the suction is towards the plate.  
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By substituting equations (8) and (10) into equations (2)-(5), we obtain the following ordinary differential 

equations: 

(1 )u u Mu Gr GcCβ θ βω′′ ′ ′+ + − = − − − ,      (11) 

( 2 ) 0B uλω ω β ω′′ ′ ′+ − + = ,        (12) 
2(3 4) 3 3 (1 ) 0R RPr RPrEc uθ θ β′′ ′ ′+ + + + = ,                (13) 

0,C ScC KrScC′′ ′+ − =         (14) 
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where the primes denote differentiation with respect to y and Gr, Gm, M, Pr, R, Ec, Sc, Kr, is the Grashof number, is 

the modified Grashof number, is the magnetic parameter, is the Prandtl number, is the radiation parameter, is the 

Eckert number, is the Schmidt number and is the chemical reaction parameter, respectively. 

The corresponding dimensionless boundary conditions are: 
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From the engineering point of view, the most important characteristics of the flow are the skin friction 

coefficient fC , couple stress coefficient mC , Nusselt number Nu  and Sherwood number Sh  for this type of 

boundary layer, which are discussed below    

The shear stress at the surface of the porous plate is given by  
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The skin friction coefficient is given by 
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The couple stress at the wall is defined by: 
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From the definition of the local surface heat flux is defined by 

0
w

y

Tq K
y ′=

∂
= −

′∂
 

where K is the effective thermal conductivity, together with the definition of the local Nusselt number  
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Therefore, Sherwood number is defined by  
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V x

ν= is the Reynolds number 

 

3. Numerical technique:  

The resulting ordinary differential equations (9)–(12) with the corresponding boundary conditions (13) 

have been solved numerically by means of the fourth-order Runge–Kutta method with systematic estimates of 

(0)u′ , (0)ω′ , (0)θ ′ and (0)C′  by a shooting technique. The step size 0.01η∆ =  is used while obtaining the 

numerical solution with η =4.0 and five-decimal accuracy as the criterion for convergence 610− . Numerical 

computations are carried out for various values of the parameters λ , β , M , Gr, Gc, Pr ,  R, Ec , Sc and Kr. 

4. Results and Discussion: 

In this paper, the combined effect of first-order chemical reaction and thermal radiation on MHD free 

convection heat and mass transfer flow of an incompressible micropolar fluid along a vertical infinite surface in 

the presence of viscous dissipation with constant suction has been investigated using Runge-Kutta fourth order 

technique along with shooting method. In order to get a physical insight of the problem, a parametric study is 

carried out to illustrate the effect of various thermophysical parameters  β , Gr, Gm,  M,  Pr, R, Ec, Kr and Sc 

on the velocity, microrotation, temperature, concentration, local skin friction, couples stress,  local Nusselt 

number and Sherwood number and are presented in figures and tables. In the present study, we have chosen 

β =0.1, B=0.1, G= 0.5, Gr = 2.0, Gm = 2.0, λ = 0.01, Pr=0.71, R = 1.0, Ec=0.01,   Sc = 0.22 and Kr=0.1. 

The effect of viscosity ratio β  on the translational velocity and microrotation across the boundary layer 

are presented in Fig. 1. It is seen that as β increases, the velocity decreases. Also, the velocity distribution 

across the boundary layer is higher for a Newtonian fluid ( β =0) for the same flow conditions and fluid 

properties, as compared with that of a micropolar fluid. Further, the magnitude of microrotation decreases, as 

β  increases. 

Fig. 2 shows the pattern of the translational velocity and microrotation for different values of magnetic 

field parameter M, respectively. It is seen that as M increases, the translational velocity decreases, whereas the 

microrotation increases.  

The translational velocity and microrotation profiles against spanwise coordinate y for different values 

of Grashof number Gr  and modified Grashof numberGc  are described in Fig. 3. It is observed that an increase 
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inGr or Gc  leads to a rise in the velocity and a fall in the microrotation. Here the positive values ofGr  

corresponds to a cooling of the surface by natural convection.  

For different values of the Schmidt number Sc , the translational velocity and the microrotation and 

concentration profiles are plotted in Figs. 4(a)-4(c), respectively. It is observed that as Sc  increases, the 

translational velocity decreases, whereas the microrotation increases. In addition, we find that the concentration 

decreases as the Schmidt number Sc increases, as plotted in Fig. 4(c).  

Figs. 5(a)-(c) illustrate the variation of the translational velocity, microrotation and concentration 

distribution across the boundary layer for various values of the chemical reaction parameter Kr. It is seen that as 

the chemical reaction parameter Kr increases, the translational velocity as well as the concentration decreases, 

whereas the microrotation increases. 

Figs. 6(a)-(c) show the translational velocity, microrotation and temperature profiles across the boundary 

layer for different values of Prandtl number Pr . It is noticed that as Pr increases, the translational velocity as 

well as the temperature decreases whereas the microrotation increases.  

Figs. 7(a)-(c) display the translational velocity, microrotation and temperature profiles across the 

boundary layer for different values of the thermal radiation parameter R. It is noticed that an increasing in R 

leads to decreasing in the translational velocity and temperature distribution and so decrease the momentum and 

thermal boundary layer thickness. It is also noted that from Fig. 7(b) that the microrotation distribution increases 

as R increases. 

The effect of the viscous dissipation parameter i.e., the Eckert number Ec on the translational velocity, 

microrotation and temperature distributions are shown in Figs. 8(a)- (c). It is observed that, as Ec increases there 

is a rise in the translational velocity, microrotation and temperature. 

Table 1 illustrates the effects of the parameters β , M, Gr, Gc, Sc and Kr on the skin-friction coefficient 

( (0)u′ ), the wall couple stress coefficient ( (0)ω′ ), the Nusselt number ( (0)θ ′− ) and Sherwood number 

( (0)C′− ). It is observed as β  or M or Sc or Kr increases, the skin friction and couple stress coefficients 

decrease while the Nusselt number increases. As Gr or Gc increases, there is a decrease in the skin-friction and 

there is a rise in the wall couple stress and rate of heat transfer. It interesting to note that the Sherwood number 

increases as Sc increases and remains unchanged for all other variations. From Table 2, it is seen that as Pr or R 

increases, the local skin friction coefficient and couple stress coefficient decrease, while the Nusselt number 

increases. The opposite trend is observed as Ec increases. It is also observed that the Sherwood number remains 

unchanged, as Pr or R or Ec increases.  

5. Conclusions 
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 The present paper deals with the combined effect of first-order chemical reaction and thermal radiation 

on MHD free convection heat and mass transfer flow of an incompressible micropolar fluid along a vertical 

infinite surface in the presence of viscous dissipation with constant suction has been investigated using Runge-

Kutta fourth order along with shooting technique. Following conclusions can be drawn from the numerical 

results obtained. 

1. Velocity increases with increase in the thermal Grashof number, solutal Grashof number and Eckert number 

but reverse trend is seen by increasing the Schmidt number, chemical reaction parameter, Prandtl number 

and radiation parameter.  

2. Microrotation increases with increase in the Schmidt number, chemical reaction parameter, Prandtl number 

and radiation parameter but reverse trend is seen by increasing the thermal Grashof number, solutal Grashof 

number and Eckert number. 

3. Temperature increases with increase in the Eckert number but reverse trend is seen by increasing Prandtl 

number and radiation parameter. 

4. Concentration decreases with increase in the Schmidt number and chemical reaction parameter. 

5. From the numerical values, it is observed that as Pr or R increases, the local skin friction coefficient and 

couple stress coefficient decrease, while the Nusselt number increases. The opposite trend is observed as Ec 

increases. 
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                    Fig. 1 Velocity and microrotation profiles for different values of β  
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                    Fig. 2 Velocity and microrotation profiles for different values of M 
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             Fig. 3 Velocity and microrotation profiles for different values of &Gr Gc  
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                   Fig. 4(a) Velocity profiles for different values of Sc  
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                  Fig. 4(b) Microrotation profiles for different values of Sc  
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Table 1: Values of (0)u′− , (0)ω′ , (0)θ ′−  and (0)C′−  for various values of M, Gr, Gc, Sc and Kr with G=0.5,  

Pr = 0:71, B = 0.1, R =1.0 and Ec=0.01.  

β         Mn        Gr        Gc        Sc        Kr         (0)u′        (0)ω′        (0)θ ′−        (0)C′−  
0.0       1.0        2.0        2.0       0.22     0.1       3.14849    3.14955    0.424304    0.403894 
0.1       1.0        2.0        2.0       0.22     0.1       3.14787    3.17582    0.424306    0.403894 
0.2       1.0        2.0        2.0       0.22     0.1       3.14728    3.20019    0.424307    0.403894 
0.1       0.0        2.0        2.0       0.22     0.1       5.19650    5.24061    0.405093    0.403894 
0.1       0.2        2.0        2.0       0.22     0.1       4.51083    4.54954    0.412903    0.403894 
0.1       0.5        2.0        2.0       0.22     0.1       3.83201    3.86544    0.419261    0.403894 
0.1       1.0        2.0        2.0       0.22     0.1       3.14787    3.17582    0.424306    0.403894 
0.0       1.0        2.0        2.0       0.22     0.1       3.14787    3.17582    0.424306    0.403894 
0.0       1.0        2.0        3.0       0.22     0.1       3.94554    3.98055    0.419737    0.403894 
0.0       1.0        3.0        2.0       0.22     0.1       3.92906    3.96397    0.419875    0.403894 
0.0       1.0        3.0        3.0       0.22     0.1       4.72841    4.77040    0. 414288   0.403894 
0.0       1.0        2.0        2.0       0.0       0.1       3.35620    3.38549    0.422848    0.250000 
0.0       1.0        2.0        2.0       0.1       0.1       3.26043    3.28918    0.423537    0.316449  
0.0       1.0        2.0        2.0       0.22     0.1       3.14787    3.17512    0.424306    0.403894 
0.0       1.0        2.0        2.0       0.22    -0.1       3.21055    3.23896    0.423885    0.346658     
0.0       1.0        2.0        2.0       0.22     0.0       3.17821    3.20638    0.424204    0.375929 
0.0       1.0        2.0        2.0       0.22     0.1       3.14787    3.17512    0.424306    0.403894 
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Table 2: Values of (0)u′ , (0)ω′ , (0)θ ′−  and (0)C′− for various Pr, R and Ec with G=0.5, Mn=1.0, B=0.1, 

Gr=2.0, Gc=2.0, Sc=0.22 and Kr=0.1. 

Pr          R          Ec            (0)u′           (0)ω′           (0)θ ′−         (0)C′−  
0.2        1.0       0.01          3.32309      3.35219        0.29283        0.403894 
0.71      1.0       0.01          3.14787      3.17582        0.424306      0.403894 
2.0        1.0       0.01          2.74479      2.76975        0.869351      0.403894 
5.0        0.0       0.01          2.23545      2.25594        2.11795        0.403894 
0.71      0.0       0.01          3.39019      3.41970        0.25000        0.403894  
0.71      1.0       0.01          3.14787      3.17582        0.424306      0.403894 
0.71      5.0       0.01          3.0514        3.07868        0.510314      0.403894   
0.71     10.0      0.01          2.94866      2.97519        0.614412      0.403894  
0.71      1.0       0.0            3.14437      3.17229        0.432270      0.403894 
0.71      1.0       0.01          3.14787      3.17582        0.424306      0.403894 
0.71      1.0       0.1            3.18040      3.20859        0.350589      0.403894 
0.71      1.0       0.2            3.21884      3.24732        0.264022      0.403894 
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